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Abstract
This thesis describes the synthesis and characterization of monomeric and polymeric
gold(I), silver(I) and platinum(II) complexes containing diphosphine dicarboxamide and
pyridine carboxamide donor ligands. The major focus of the project was to characterize these
complexes in the solid state using X-ray crystallography. Many of the complexes were also
characterized in solution by NMR spectroscopy and electrospray ionization mass spectrometery.
The preparation and characterization of gold(I) and silver(I) complexes with the chiral Trost
ligand; R,R-trans-1,2-C6H10(NHCO-2-C6H4PPh2)2 [R,R-1]. R,R-1 gives the fluxional trans-chelate
complexes [M(R,R-1)]X, M = Au or Ag, X = Cl-, BF4- or CF3CO2-. It is suggested that a similar
trans-chelate conformation may be present in the catalytic intermediate [Pd(R,R-1)]. The prepared
gold(I) and silver(I) complexes could be useful in the interpretation of the catalytic allylic alkylation
reaction mechanism. Also, the self-assembled silver(I) polymers with the chiral diphosphine ligand
R,R-1, of the empirical formula {Ag2X2(µ-R,R-1)}n, found to have the diphosphine ligand bridges in
different modes depending critically on the donor ability of the anion X- = Cl- > CF3CO2- > NO3- or
BF4-.
The synthesis and characterization of the new diphosphine ligand, N,N’-bis(2diphenylphosphinoethyl)terephthalamide, dppeta, and its gold(I) and silver(I) complexes;
[Au2Cl2(µ-dppeta)].Me2SO, [Ag2(O2CCF3)2(µ-dppeta)], and [Ag2(OTf)2(OH2)2(µ-dppeta)]. The
ligand dppeta undergoes self-association by NH...O=C hydrogen bonding in a classical way, but
the complexes undergo self-association through a combination of hydrogen bonding and either
aurophilic bonding (complex [Au2Cl2(µ-dppeta)].Me2SO) or secondary coordination (silver(I)
complexes). In all cases, sheet structures are formed by self-assembly, in which the bonding
ii

interactions occur in the interior, with the outer faces containing mostly phenyl groups. In
contrast, the bis(phosphine oxide) derivative, dppetaO2, forms a ribbon polymer using the P=O
groups as hydrogen bond acceptors.
The

preparation

of

the

newly

synthesized

diphosphine

ligand,

N,N’-bis(2-

diphenylphosphinoethyl)isophthalamide, dpipa, and its complexes with gold(I) and platinum(II).
The ligand dpipa, contains two amide groups and can form cis or trans chelate complexes or
cis,cis or trans,trans bridged complexes. The amide groups may be involved in intramolecular
or intermolecular hydrogen bonding. This combination of properties of the ligand dpipa leads to
very unusual structural properties of its complexes, which often exist as mixtures of monomers
and dimers in solution. In the complex [Au2(µ-dpipa)2]Cl2, the ligands adopt the trans,trans
bridging mode, with linear gold(I) centers, and the amide groups hydrogen bond to the chloride
anions.

In [Pt2Cl4(µ-dpipa)2], the ligands adopt the cis,cis bridging mode, with square planar

platinum(II) centers, and the amide groups form intermolecular hydrogen bonds to the chloride
ligands to form a supramolecular polymer.

Both the monomeric and dimeric complexes

[PtMe2(dpipa)] and [Pt2Me4(µ-dpipa)2] have cis-PtMe2 units with cis chelating or cis,cis bridging
dpipa ligands respectively; each forms a supramolecular dimer through hydrogen bonding
between amide groups and each contains an unusual NH...Pt interaction. Attempted oxidative
addition reactions with methyl iodide or bromine have given the complex [PtIMe(dpipa)], which
contains trans chelating dpipa, and a disordered complex [Pt2MenBr8-n(µ-dpipa)2], n ca. 2.92,
which contains trans,trans bridging dpipa ligands.
The

double

and

quadruple

cyclometalation

of

the

ligands

1,3-

or

1,4-

C6H4(CONHCH2CH2PPh2)2 (dpipa or dppeta respectively) by either reagent [Pt2Me4(µ-SMe2)2]
or [Pt(O2CCF3)2(SMe2)2], to give complexes containing new PNC-pincer ligands.
iii

The major

product formed depends primarily on the stoichiometry of the reaction, but also on the reaction
conditions. Reaction of a 1:1 mixture of dppeta and[Pt2Me4(µ-SMe2)2], which contains two
platinum atoms, followed by crystallization from a solvent mixture containing DMSO, gave
quadruple

metalation

of

dppeta

in

the

[Pt2(dmso)2(µ-κ6-(PNC)2-

product

C6H2{(C=O)N(CH2)2PPh2}2)], which contains two PNC-pincer groups.

Reaction of a 1:1

mixture of dpipa and [Pt(O2CCF3)2(SMe2)2], which contains only one platinum atom, gave
double

metalation

of

dpipa

in

the

dimeric

product

[Pt2{µ-κ4-PPNC-

C6H3(CONH(CH2)2PPh2)(CON(CH2)2PPh2)}2], which contains one PNC-pincer group for each
dpipa ligand used. Related reactions were monitored by NMR spectroscopy and gave insight
into the reaction sequences involved in the cyclometalation steps. It is argued that phosphine
coordination directs a first N-H bond activation and then, in a faster step, that the amido group
formed in this step directs an aryl C-H bond activation step, to give double cyclometalation of
one arm of the dicarboxamide-diphosphine ligand and that, if stoichiometry allows, this can be
followed by similar double cyclometalation of the second arm to give the quadruply
cyclometalated ligand.
A new diphosphine ligand, N,N’-bis(2-diphenylphosphinoethyl)phthalamide, dpppa, and
its complexes with gold(I) and silver(I). The ligand dpppa forms the binuclear gold(I) complex
[Au2Cl2(µ-dpppa)], and the polymeric complex [{Ag2(µ-O2CCF3)2(µ-dpppa)}n]. The ligand and
both complexes undergo further association through hydrogen bonding to give supramolecular
polymer or network structures.
The chemistry of the ligand dpppa with platinum(II).

The reaction of dpppa with

[Pt2Me4(µ-SMe2)2], in a 2:1 ratio gave a mixture of [PtMe2(dpppa)] and [Pt2Me4(µ-dpppa)2],
both of which contain Pt...H-N hydrogen bonds.
iv

However, reaction in a 1:1 ratio gave a

remarkable tetraplatinum complex [Pt4Me6(µ-dpppa-H)2], which is shown to contain two Pt-Pt
donor-acceptor bonds, and in which one arm of the dpppa ligand has been cyclometalated. The
reaction of [PtCl2(dpppa)] with silver trifluoroacetate, to abstract chloride, and triethylamine as
base has given the bis(cyclometalated) complex [Pt(dpppa-2H)] and this has been crystallized in
three different forms, in which one or both of the carbonyl groups act as donors to a proton or to
silver(I).

The complex [Pt(dpppa-2H)].AgO2CCF3.dmso forms a dimer and [Pt(dpppa-

2H)].(AgO2CCF3)2 forms a coordination polymer in the solid state.
The pyridine-carboxamide ligand PhNHC(=O)-2-C5H4N is shown to react with
Na[AuCl4] either to give [PhNHC(=O)-2-C5H4NH][AuCl4] or to give [AuCl2(κ2-N,N’PhNC(=O)-2-C5H4N)].

Similar reactions with bis(pyridine-carboxamide) ligands gave

complexes [AuCl2(κ2-N,N’-RNC(=O)-2-C5H4N)], with R = (CH2)3NHC(=O)-2-C5H4N or 2C6H4NHC(=O)-2-C5H4N, in which the ligands are bidentate, but no complexes with tetradentate
ligands could be isolated. The complex [AuCl2(κ2-N,N’-PhNC(=O)-2-C5H4N)] in methanol
solution is an efficient catalyst for oxidative cyanation of PhNMe2 to give PhMeNCH2CN, and it
is proposed that the catalysis involves gold(I), gold(II) and gold(III) intermediates.
Keywords: diphosphine dicarboxamide ligands, Trost ligand, trans chelation, bridging, gold(I),
silver(I), self-assembled polymers, supramolecular chemistry, sheet structures, self association,
hydrogen bonding, platinum(II), cyclometalation reactions, oxidative addition reactions,
reductive elimination reactions, pyridine carboxamide ligands, gold(III), catalysis.
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Chapter 1

General Introduction

1

This thesis is about the diphosphine-dicarboxamide complexes of gold(I), silver(I) and
platinum(II), so an introduction to the chemistry of gold, silver and platinum and to the
chemistry of diphosphine-dicarboxamide ligands will be given here. Supramolecules, selfassembled through a combination of metal-ligand coordination, hydrogen bonding and metalmetal interaction, have been found to play a major role in the chemistry of the diphosphinedicarboxamide complexes. Other relevant topics include; the oxidative addition and reductive
elimination reactions, the activation of inert bonds and cyclometalation reactions.
This introduction will give a brief idea about these concepts. However, a detailed
discussion will be presented in the individual chapters.
1.1 Gold
Gold is the only metal that is not attacked by either oxygen or sulphur at any temperature;
hence it is the most noble of metals.1-3 It will however dissolve in aqueous solutions containing
an oxidising agent and a ligand with strong affinity for gold centres. Gold dissolves readily in
aqua regia (HCl(conc):HNO3(conc) , 3:l), to give tetrachloroauric(III) acid, H[AuCl4].1-3 The
oxidation states 0, I, II, III, IV and V are known for gold, although gold(0), gold(I) and gold(III)
are the most stable.1-3 Gold has the electronic configuration [Xe] 4f145d106sl, and AuI and AuIII
are the most common oxidation states in coordination complexes of gold, having the 5d10 and 5d8
electron configurations respectively. 1-3
Gold(I) can form linear, trigonal planar or tetrahedral complexes in which the
hybridisation at gold can be considered to be sp (linear), sp2 (trigonal planar) or sp3 (tetrahedral).
Gold(I) comprises a soft metal centre, and as a rule, gold(I) has an affinity for soft ligands with
π-accepting properties such as cyanides, phosphines, arsines and various sulphur compounds.
2

Complexes with aliphatic and heterocyclic nitrogen ligands, as well as weakly bonded oxygen
donor ligands are known, but they are generally much less stable.2,3
Gold(III) forms diamagnetic complexes with the low-spin configuration. The geometry of
the vast majority of gold(III) complexes is square planar, but complexes with coordination
number five (square pyramidal) and six (distorted octahedral) are also known.7,8 Examples of
gold complexes with common oxidation states and geometries are placed in Table 1.1.
1.1.1 Aurophilic Interactions
Structural and spectroscopic studies of gold complexes have shown the existence of short
Au...Au contacts in the range of 2.75-3.40 Å, shorter than the van der Waals radii (3.9 Å).9 In
gold(I) compounds, these weak Au...Au attractions, called aurophilic interactions, are operating
perpendicularly to the L-Au-X axis. Several examples have shown that intermolecular Au...Au
interactions may lead to extended structures, through catenated and layered aggregation of
molecules.10 Intramolecular interactions, in gold complexes with more than one metal centre,
will maintain the complex in a specific conformation.11
The metal-metal attractions are due to the relativistic effect, which is usually observed for
elements heavier than the lanthanides and especially for metals with d10 configuration.12 This
phenomenon can be described by a contraction of the s orbital and an expansion of the higher d
orbitals, and consequently, the diminution of the energy gap between the s and d shells of the
metal atom. The element gold, because it is at the end of the 5d orbital filling, following on the
4f filling (lanthanide contraction), exhibits the strongest relativistic effects.12-15 The presence of
this attractive interaction between gold centres, as a consequence of the relativistic effect, is
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called aurophilicity. The energy of the Au...Au contact/bond has been estimated to be comparable
to a hydrogen bond (30 kJ.mol-1).13-16
Aurophilic interactions have been used to promote self-assembly in small gold(I)
complexes to form polymeric complexes via gold-gold contacts.l0,17-21 The Au...Au interaction
competes favourably with other interactions in determining crystal packing preferences, showing
that it is both strong and directional. This indicates its potential importance in supramolecular
chemistry.
Table 1.1. Common oxidation states and geometries in gold complexes
Oxidation
State
1 (d10)

Coord.
Number
2

Geometry

Complex

Reference

linear

[Au(CN)2]-

1

1 (d10)

3

trigonal planar

[AuCl(PPh3)2]

4

1 (d10)

4

tetrahedral

3 (d8)

4

square planar

[(Ph3P)AuCl(C6F5)2]

6

3 (d8)

5

square pyramidal

[AuCl3(phen)]

7

5 (d6)

6

octahedral

[AuF6]-

8

[Au(dppb)2]Cl

5

dppb = 1,2-bis(diphenylphosphanyl)benzene
Phen = 2,9- di-n-butyl-l,10-phenanthroline
1.2 Silver
Silver has the electronic configuration [Kr] 4d10 5sl, and is slightly more reactive than
gold. It is stable in pure dry air, but the sensitivity of silver to sulphur and its compounds is
responsible for the familiar tarnishing of the metal (black Ag2S) in silverware. Silver dissolves in
hot concentrated sulphuric acid, and in both diluted and concentrated nitric acid.1,22
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The oxidation states 0, I, II and III are known for silver, and its coordination number
varies from 2 to 5. AgI, AgII and AgIII are readily accessible, though the chemistry of silver(I) has
been more extensively studied.1,22 Silver can form stable complexes with a wide range of ligands,
but the coordination chemistry of silver has historically been centred on the reaction of silver(I)
ions with N-donors. Examples of silver complexes with common oxidation states and geometries
are placed in Table 1.2.
1.2.1 Silver-Silver Bonding
Examples on short dl0...dl0 distances exist for all three coinage metals (i.e. gold, silver and
copper). The relativistic effect described in 1.1.2 is much weaker for silver than for gold. Ag(I)
has a lesser tendency to form M...M interactions than gold. However, several examples of
complexes with short Ag...Ag distances in the range of 2.75-3.04 Å have been reported.23-27
Table 1.2. Common oxidation states and geometries in silver complexes
Oxidation
State
1 (d10)

Coord.
Number
2

Geometry

Complex

Reference

linear

[Ag(CN)2]-

1

1 (d10)

3

trigonal planar

[AgI(PEt2Ph)2]

1

1 (d10)

4

tetrahedral

[Ag(diars)2]+

1

2 (d9)

4

square planar

[Ag(py)4]2+

22

3 (d8)

6

octahedral

[AgF6]3-

1

diars = o-phenylenebis(dimethylarsine)

5

1.3 Platinum
Platinum has a partially filled d-orbital (electronic configuration [Xe]4f145d96s1) and the
chemistry of platinum metal is dominated by three major oxidation states, 0, +2, and +4. Also,
+1, +3, +5, and +6 complexes have been prepared.28
Organoplatinum complexes can exist in many different geometries. Platinum(0) complexes
usually favor tetrahedral stereochemistry as in the case of [Pt(PF3)4],29 or trigonal planar
geometry as for [Pt{Sn(NR2)2}3]; R = SiMe3.30 Square planar geometry is preferred by
platinum(II) complexes as for [PtMe2(bipy)], bipy = 2,2’-bipyridyl, while platinum(IV)
complexes favor octahedral geometry as in [PtIMe3(bipy)], bipy = 2,2’-bipyridyl.31
1.4 Diphosphine Dicarboxamide Ligands
Hybrid ligands, donors combining hard (N or O) and soft (phosphine) ligating sites, have
received considerable attention because of their unique coordination and catalytic properties. The
most frequently encountered hybrid ligands are phosphines bearing additional polar group(s);
diphosphine dicarboxamide ligands can be regarded as a good example.32
Diphosphine dicarboxamide ligands are proving to be useful in catalysis or molecular
materials for sensing and other applications. Chart 1.1 shows some of these ligands. The
phosphine groups are typically used to bind to transition metal ions while the amide groups could
serve as a source of an additional donor for coordination or they may act as a structure directing
moieties and thus allow for construction of supramolecular assemblies via hydrogen bonding
interactions.33
Here are some examples that give an idea about the chemistry of some of these ligands
with metal precursors. The reaction of A with [PdCl2(cod)] (cod = cyclooctadiene) (Scheme 1.1)
6

was shown to produce a trans-chelate complex; I, which was converted to a cis-complex with a
doubly deprotonated ligand, cis-[Pd{(A-2H)-κ4-P,P`,N,N`}], upon action of a base. The reaction
of A with [PtCl2(cod)] afforded the ‘cis-complex’ J directly (Scheme 1.1).34,35 In a reaction with
[(η6-p-cymene)RuCl2]2 , B afforded the expected ligand-bridged bis-chelate complex; K
(Scheme 1.2).36

O

O
NH

+ [PdCl2 (cod)]
O
NH

P

- cod

O

HN
Cl
Pd P

Cl
I

HN
P

P
A

O
+ [PtCl2(cod)]
- cod

O
N

N
Pt
P

P

- 2HCl

J

Scheme 1.1. Reaction of A with [PdCl2(cod)] (cod = cyclooctadiene) to produce a trans-chelate
complex; I. Reaction of A with [PtCl2(cod)] afforded the ‘cis-complex’ J. P = PPh2.
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Cl Ru
Ru Cl
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NH HN
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Cl

O

Ru O

NH HN

P

P

P

O Ru
P
Cl

K

B

Scheme 1.2. Reaction of B with [(η6-p-cymene)RuCl2]2 to give the ligand-bridged bis-chelate
complex; K. P = PPh2.
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Chart 1.1. Diphosphine dicarboximide ligands. P = PPh2.
Most chemistry of diamidodiphosphine ligands is related to the so called Trost’s ligands
(Chart 1.1). These ligands are among the most successful chiral ligands. However, R,R-1 (Chart
1.1) remains the most popular. Until now, there have been reported many applications of these
ligands in transition metal-mediated reactions (typically with Pd). For instance, Trost’s ligands
8

turned out to be donors of choice for nucleophilic substitutions and rearrangements (including
desymmetrisation) at allylic centres. Other successfully tested reactions include additions to
CH=N double bonds and enyne cycloisomerisations and other types of reactions.37 Considerable
attention has been paid to coordination properties of R,R-1 in order to understand the mechanism
of asymmetric induction during Pd-catalysed asymmetric allylic substitutions. An early study
showed that R,R-1 reacts with [Pd2(dba)3] (dba = dibenzylideneacetone) to afford Pd(0) chelate
complex L, which is rapidly converted to a neutral Pd(II) complex M upon exposure to air
(Scheme 1.3).38,39

O

O
HN

HN

P

O
[Pd2(dba)3 ]

P

P
R,R-1

O
HN

HN

Ph

CHCl3

P
Pd

L
Ph

O

O

O
N

N
Pd
P

P
M

Scheme 1.3. Some Pd-complexes prepared from R,R-1 that could help in the interpretation of the
allylic alkylation reaction. P = PPh2.
Most phosphinoamides have been obtained by “condensation” of phosphinocarboxylic
acids with amines or the complementary reactions between carboxylic acids and phosphine
amines. For example, both A,34 and the Trost ligand R,R-140 (Chart 1.1) were synthesized using
the same reaction conditions. Starting with one equivalent of either o-phenylenediamine (for A)

9

or (1R,2R)-trans-1,2-diaminocyclohexane (for R,R-1), dicyclohexylcarbodiimide (DCC) was
used as an amide coupling reagent to attach two equivalents of 2-(diphenylphosphanyl)benzoic
acid (Scheme 1.4). Catalytic amounts of 4-(dimethylamino)pyridine (DMAP) were also added as
a proton acceptor/donor to aid in the reaction. The order in which the reagents are added together
greatly affects the yield of these reactions. For the best results, the acid was allowed to react with
the DCC and DMAP before the amine was added. This method resulted in yields around
65%.34,40

O

OH
+
H2N

2

DCC
DMAP
DCM

P

O

O
NH

HN
P

P

NH2

A

Scheme 1.4. Synthesis of A. P = PPh2.
1.5 Supramolecular Chemistry
The term supramolecular chemistry was first introduced in 1978 when Jean-Marie Lehn
wrote; “Just as there is a field of molecular chemistry based on the covalent bond, there is a field
of supramolecular chemistry, the chemistry of molecular assemblies and of the intermolecular
bond”.41 Supramolecular chemistry then represents the next level of complexity of matter after
the molecule. This highly interdisciplinary field encompasses any organized entity resulting from
the association of two or more chemical species held together by intermolecular interactions.42-44
Any intermolecular interaction can be utilized in the assembly of a supramolecular entity. These
typically non-covalent interactions include hydrogen bonding, π-π stacking, electrostatic forces,
van der Waals interactions and metal ion coordination.41
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Central to the entire field of supramolecular chemistry is the concept of “molecular
recognition”. Molecular recognition is defined as the energy and the information involved in the
binding and selection of substrate by a given receptor molecule.42 It requires not simply binding,
but a selective binding that arises from a well defined set of intermolecular interactions. From
molecular recognition arises the process of ‘self-assembly’, another key concept in
supramolecular chemistry.45 Self-assembly is a recognition directed process in which the
molecular building blocks spontaneously assemble into a higher order structure through the
available non-covalent interactions. All the information necessary to produce the superstructure
is ‘preprogrammed’ into the building blocks in terms of size, shape, symmetry, and binding
sites.45
1.5.1 Hydrogen Bonding
With the exception of metal ion coordination, hydrogen bonds are the strongest and most
directional of the intermolecular interactions. A hydrogen bond is an electrostatic interaction of
the form X-H...A (X = donor, A = acceptor) in which the hydrogen atom is attracted to both X
and A and acts as a bridge between them.46 These classic hydrogen bonds, which include NH...O, O-H...O, and F-H...O have an energy typically ranging from l5 - 40 kJ/mol. More recently
the concept of a hydrogen bond has been extended to include weaker interactions such as C-H...π,
C-H...O, and C-H...N, where the interaction energy is less than 4 kJ/mol.47
Hydrogen bonding interactions are very important in self-assembly and crystal
engineering because of their strength and directionality.48 If a strong hydrogen bond donor and
acceptor are present in a system, and all other possible interactions are relatively weak and nondirectional, hydrogen bonding will govern the major features of the supramolecular assembly.
One of the most well studied structural units in supramoleeular chemistry is carboxylic acid,
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which forms two complementary O-H...O hydrogen bonds with a second carboxylic acid unit. For
example, terephthalic acid forms linear polymeric chains in the solid state as a result of these
hydrogen bonding interactions (Figure l.1).49 Many other hydrogen-bonding patterns have also
been utilized in building supramolecular complexes and for crystal engineering.50

H

O

O H

O

O

O
H O

O H
O

Figure 1.1. Polymeric solid state structure of terephthalic acid.
1.5.2 Metal-Ligand Coordination
Within the field, self-assembly of well defined architectures from organic bridging
ligands and metal ions is an area of intense interest.51,52 The metal ions serve to hold the ligands
together and to orient them in a specific direction. The geometric features of the ligands and the
directionality of the bonding provide the key pieces of information which direct the selfassembly.53
1.5.3 Aurophilic Interactions in Supramolecular Chemistry
Aurophilic interactions are not usually sufficiently strong and directional to direct the
first order structure of a supramolecular assembly in the presence of stronger interactions like
hydrogen bonding or metal-ligand coordination.54 However, they can enhance complex stabilities
and are often crucial in determining higher order arrangements. It has been well established that
aurophilic interactions will readily form polymeric structures in the solid state. For example, the
linear digold(I) diacetylide complex shown in Figure 1.2 has been synthesized, and the crystal
structure clearly shows intermolecular Au...Au bonding, forming a loose polymer.55
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u
P Me 3

Figure 1.2. Solid state association of digold(I) diacetylide complex through aurophilic
interactions.
1.6 Oxidative Addition
Oxidative addition reactions are of the most fundamentally important reactions in transition
metal chemistry in both synthesis and catalysis.56 They typically consist of a metal of relatively
low oxidation state being formally oxidized by the addition of an XY substrate, and complete
dissociation of the X-Y bond, as illustrated in Scheme 1.5.56,57 This oxidation process typically
results in the oxidation state, coordination number and the electron count increasing by two
units.58 The fact that the electron count increases by two units means that a vacant two electron
site is required on the metal.56 Oxidative addition reactions typically occur on transition metal
complexes having counts of 16 electrons or fewer. However, addition is possible to an 18
electrons species but loss of ligand is required for this to occur.58 Based on these parameters and
requirements, coordinatively unsaturated organoplatinum(II) complexes are viable candidates for
the oxidative addition process, due to the 16 electron configuration.57
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Scheme 1.5. General oxidative addition reactions of a substrate to a metal center.
1.7

Reductive Elimination
Reductive elimination, the reverse of oxidative addition, involves the oxidation state,

coordination number and electron count all decreasing by two units. This reaction has been
demonstrated to be efficient for both d8 metals Ni(II), Pd(II), and Au(III) and for d6 metals
Pt(IV), Pd(IV), Ir(III) and Rh(III). The elimination reaction is believed to be analogous to the
concerted oxidative addition reaction as they are believed to be eliminated by a non-polar, nonradical three center transition state. Retention of stereochemistry is a key characteristic of this
type of reduction reaction.56 This reaction tends to occurs as a result of coupling from two
covalent ligands at a single transition metal or two ligands from two different metal centers,
shown in Scheme 1.6.59

Scheme 1.6. Reductive elimination reactions
of single and two metal centers.

In most cases involving synthetically useful reductive elimination reactions, the reactions
occur by a concerted three-centered process as outlined in Scheme 1.7. This mechanism requires
the two leaving groups be attached to the metal in a cis-nature and there is a retention of
stereochemistry occurring at the leaving group atoms.58
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Scheme 1.7. Reductive elimination by a concerted three-centered process.

1.8

Activation of Inert Bonds
The carbon-hydrogen bond of alkanes cannot usually be regarded as a functional group.

Its unique position in organic chemistry is well illustrated by the standard representation of
organic molecules: the presence of C-H bonds is indicated simply by the absence of any other
bond. This “invisibility” of C-H bonds reflects both their ubiquitous nature and their lack of
reactivity. With these characteristics in mind it is clear that if the ability to selectively
functionalize C-H bonds were well developed, it could potentially constitute the most broadly
applicable and powerful class of transformations in organic synthesis. Realization of such
potential could revolutionize the synthesis of organic molecules ranging in complexity from
methanol to the most elaborate natural or unnatural products. The activation of C-H bonds by
“organometallic routes” (i.e., those involving the formation of a bond between carbon and a
metal center) is a very large, diverse and highly active field.
The activation of C-H bonds by Pt(II) complexes has been gaining a lot of interest since
the discoveries of Shilov during the late 1960’s and 70’s, when he demonstrated that solutions of
platinum(II) salts were capable of activating and functionalizing normally uncreative
hydrocarbon C-H bonds (Scheme 1.8). 60
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Scheme 1.8. Shilov’s catalytic system.
1.9

Cyclometalation Reactions
The term "cyclometalation" was introduced by Trofimenko61 to describe those reactions

of transition metal complexes in which a ligand undergoes an intramolecular (or more rarely,
intermolecular) metalation with formation of a chelate ring containing a metal-carbon σ bond
(Scheme 1.9).
D

M

X

H

D

+

HX

M

Scheme 1.9. cyclometalation. D = donor atom, M = transition metal, X = leaving group.
The result of these cyclometalation reactions is the formation of a heterocyclic ring. The
hydrogen from C-H may in some cases remain bound to the metal, but more commonly an
elimination reaction occurs in which H combines with H, Cl, or CH3 etc. bound to the metal to
generate H2, HCl, CH4 etc.61
Probably the most common intramolecular C-H oxidative addition is the so-called orthometalation reaction of aryl groups. This is of great importance in complexes of trialkylphosphine,
but many substrates such as azobenzene, aromatic ketones and thioketones, or imine compounds
can react similarly. Cyclometalation of ligand aryl groups was discovered early and ultimately
found to be quite common [Eq. 1.1].62
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PPh3

PPh2

80 oC
Ph3P
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Cl

H

PPh3

Ir

Cl

+
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PPh3

The very favourable intramolecular activation of aryl C-H bonds was exploited by Shaw to
design remarkably stable carbon ligands via cyclometalation [Eq. 1.2].63
PR2

PR2
+

H

[IrCl3.nH2O]

Ir

Cl

(1.2)

H
PR2

PR2
(PCP)IrHCl

The propensity of the disphosphine (shown in equation 1.2) to undergo cyclometalation yielding
the corresponding “PCP” tridentate ligand pincer complexes was immediately demonstrated with
a wide range of simple metal halide salts including Au, Rh, Ir, Ni, Pd, Pt.61,64
1.10

Description of the Thesis
In general, this thesis is concerned with the synthesis and characterisation of some new

diphosphine-dicarboxamide ligands and their complexes with gold(I), silver(I) and platinum(II).
In this thesis, efforts have been focused on understanding the chemistry of the different
diphosphine-dicarboxamide ligands [Trost ligand (R,R-1)(Chart 1.1), dppeta, dpipa and dpppa
(Chart 1.2)]. Although most of the discussion focused on the diphosphine-dicarboxamide
ligands, a separate chapter was added and devoted to the discussion of some relevant pyridinecarboxamide ligands [1, 2 and 3, (Chart 1.2)] and their chemistry with gold(III).
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Chart 1.2. Phosphine and pyridine-carboxamide ligands.
The thesis is divided into five sections. Section I, which encompasses chapters 2 and 3,
describes the chemistry of the dicarboxamide-diphosphine Trost ligand, R,R-1, with gold(I) and
silver(I). Section II is comprised of chapter 4 and deals with the chemistry of the dicarboxamidediphosphine ligand dppeta with gold(I) and silver(I). Section III is comprised of chapter 5 and
deals with the chemistry of the dicarboxamide-diphosphine dpipa with gold(I) and platinum(II).
Section IV, encompasses chapters 7 and 8 and describes the chemistry of the dicarboxamidediphosphine ligand, dpppa, with gold(I) and silver(I) and with platinum(II), respectively. Finally,
section V, which comprises of chapter 9 deals with the chemistry of some pyridine carboxamide
ligands with gold(III). Here is a more detailed description of this thesis.
Chapter 2 deals with the chiral trans-chelate ligand, R,R-1, and its relevance to catalysis.
The main focus is the isolation and structural characterisation of some trans-chelate silver(I) and
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gold(I) complexes in place of the palladium(0) complex that could help in the interpretation of
the catalytic allylic alkylation reaction mechanism.
Chapter 3 deals with the self-assembled polymers of silver(I) with the chiral diphosphine
ligand R,R-1. The main focus is to study the effect of the coordinating ability of the anion X- (in
AgX; X=NO3-, BH4-, CF3CO2- and Cl-) on the resulted polymer structure type.
Chapter 4 focuses on the preparation of a new dicarboxamide-diphosphine ligand, dppeta,
in which the coordinating sites are in para positions to the central aryl group, and then to study
the effect of intermolecular hydrogen bonding on the structures of its complexes with gold(I) and
silver(I). In this chapter, aurophilic interactions, are found to have an effect on the structure of
the obtained gold complex.
Chapter 5 focuses on the preparation of a new dicarboxamide-diphosphine ligand, dpipa,
which is analogous to the dppeta ligand (Chapter 4) except that the coordinating sites in dpipa
are in meta positions to the central aryl group. This chapter is concerned with the effect of
moving the coordinating sites to meta positions on the binding modes of dpipa and its complexes
with gold(I) and platinum(II).
Structure determination of the dimethyl platinum complexes of dpipa showed the
presence of an unusual hydrogen bonding of the type NH...Pt (Chapter 5). however, similar
complexes of dppeta were not isolated (Chapter 4). Chapter 6 deals with cyclometalation
involving both the N-H groups and the C-H groups of the central aryl group to give unusual
PNC-pincer platinum complexes. These pincer complexes are expected to result from further
reactions of complexes having the unusual NH...Pt hydrogen bonding.
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Chapters 7 and 8 deal with the preparation of a new dicarboxamide-diphosphine ligand,
dpppa, which is similar to the previous ligands; dppeta (Chapter 4) and dpipa (Chapter 5), except
that the coordinating sites in dpppa are in ortho positions to the central aryl group.
Chapter 7 focuses on the synthesis and chemistry of dpppa and its complexes with gold(I)
and silver(I). This ligand and its complexes undergo further association through hydrogen
bonding to give supramolecular network structures. Chapter 8, also, deals with the dpppa ligand
but the focus is on its chemistry with platinum(II). The reaction of dpppa with platinum(II)
resulted in the formation of interesting complexes, particularly the one that contains a metalmetal donor-acceptor bonds. Hydrogen bonding has, also, been found to play a major role in
determining the structures of the complexes.
Finally, chapter 9 focuses on the chemistry of gold(III) with some pyridine carboxamide
ligands.
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Chapter 2

A chiral diphosphine as trans-chelate ligand and its
relevance to catalysis

A version of this chapter has been published; Nasser, N.; Eisler, D. J.; Puddephatt, R. J. Chem
Commun., 2010, 46, 1953.
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2.1

Introduction
The chiral C2-symmetric ligand R,R-trans-1,2-C6H10(NHCO-2-C6H4PPh2)2, 1, (Chart 2.1)

has important applications in chiral catalysis, particularly in reactions leading to C–C bond
formation.1–3 As a result, there has been much experimental and theoretical work aimed at
determining the mechanism of these reactions and the basis for the enantioselectivity. The
proposed mechanism of the allylic alkylation reaction is shown in Scheme 2.1. If the allyl group
is prochiral, the C–C coupling step (C to B2, Scheme 2.1) occurs with high enantioselectivity,
but it is also recognized that the other steps could also influence the enantioselectivity. There is
considerable evidence for the structure of the π-allyl intermediate C, Scheme 2.1, based on
detailed NMR studies, but the other intermediates A, B1 and B2 have proved more elusive, and
none of the intermediates has been characterized by X-ray structure determination.1–3 This
chapter shows how the use of Ag(I) or Au(I) in place of Pd(0) can give stable complexes
analogous to the most elusive intermediate A (Scheme 2.1). These new complexes [M(1)]+ also
provide the first structurally characterised complexes in which the ligand 1 acts as a trans-chelate
ligand.4–6

Scheme 2.1. PP = 1. Proposed mechanism of catalytic allylic alkylation, typically with X- =
acetate and Y- = carbon-centred nucleophile.
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2.2

Results and discussion
Reaction of ligand 1 with [AuCl(SMe2)] in a 1 : 1 molar ratio occurred with displacement

of Me2S to give the complex [Au(1)]Cl, 2a, and further reaction with AgBF4 gave the complex
[Au(1)]BF4, 2b. Complex 2c was prepared simply by reaction of ligand 1 with silver
trifluoroacetate (Chart 2.1). These salts 2 were isolated as air-stable colourless solids.
The structure of complex 2c is shown in Figure 2.1(a). It confirms that the ligand 1 is
acting as a trans-chelate, with angle P(1)–Ag(1)–P(2) = 162.3(1)˚.4 The conformation of the
ligand can be considered as a curved surface, with the two carbonyl groups on the concave side
and the two NH groups on the convex side. Although the Ag...O distances to the carbonyl oxygen
atoms are ˃3 Å, the silver atom is distorted from linearity by displacement towards the carbonyl
groups, as expected if there is a weak attraction. The NH groups form hydrogen bonds to the
trifluoroacetate anion, as shown in Figure 2.1(a). In this conformation the ligand is far from its
potential C2-symmetric conformation.1,2 The structure of complex 2b is similar to that of 2c and
is shown in Figure 2.1(b).4 The secondary Au...O bond distances are slightly longer in 2b than the
corresponding Ag...O distances in 2c, and the stereochemistry at gold(I) is correspondingly less
distorted from linearity [P(1)–Au(1)–P(2) 169.5(2)˚]. The tetrafluoroborate anion forms
hydrogen bonds to the two NH groups of the ligand 1.
It could be argued that the conformation of ligand 1 in 2b and 2c is controlled by the
similar hydrogen bonding involving the tetrafluoroborate or trifluoroacetate groups respectively
(Figure 2.1). However, the chloride salt 2a has a very similar conformation of the ligand 1,
although the two independent molecules hydrogen bond in different ways (Figure 2.2). There are
two chloride anions [Cl(1), Cl(2)] and a water molecule [O(5A)] which together form a hydrogen
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bonding bridge between the two cations. Gold(I) often forms three-coordinate complexes
[AuCl(PR3)2], but the chloride ions in 2a are not coordinated.7

Chart 2.1. P = PPh2
The NMR spectra of the complexes 2a – 2c are temperature dependent and indicate that
the complexes exhibit fluxional behaviour in solution. The 1H and 31P NMR spectra of complex
2a are shown in Figures 2.3 and 2.4. At low temperature, the spectra are consistent with the C1
conformation of the ligand 1 which is present in the solid state structure (Figure 2.2), but at room
temperature the spectra indicate effective C2 symmetry. In the 1H NMR spectra (Figure 2.3), the
non-equivalence at low temperature is most apparent in the resonances due to the NH protons,
C6H4 protons (the resonance Ho shown in Figure 2.3 is due to the protons of the C6H4 group
ortho to carbonyl) and the CHN protons of the cyclohexyl group. In the 31P NMR (Figure 2.4),
the single resonance at room temperature splits at low temperature to give two resonances, which
appear as an [AB] spectrum with ∆ν(PaPb) = 310 Hz at 162 MHz and 2JPaPb = 399 Hz [Figures
2.4(a) and (b)]. The large magnitude of the coupling constant 2JPaPb proves that the transchelation by ligand 1 is maintained in solution for this complex 2a.5,8
29

Figure 2.1. Structure of complexes (a) 2c, (b) 2b. Selected bond parameters: 2c: Ag(1)-P(1)
2.393(2); Ag(1)-P(2) 2.390(2) Å; P(1)-Ag(1)-P(2) 162.3(1)o; Ag(1)...O(1) 3.08(1); Ag(1) ...O(2)
3.02(1); O(5)...N(1) 2.84(1); O(6)...N(2) 2.96(1) Å. 2b: Au(1)-P(1) 2.308(5); Au(1)-P(2) 2.322(5)
Å; P(1)-Au(1)-P(2) 169.5(2)o; Au(1)...O(1) 3.11(1); Au(1)...O(2) 3.20(1); F(5)...N(1) 2.93(2);
F(6)...N(2) 2.85(2) Å.
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Figure 2.2. Structure of complex 2a. Selected bond parameters: Au(1)-P(1) 2.322(6); Au(1)P(2) 2.303(6) Å; P(1)-Au(1)-P(2) 167.4(2)o; Au(1)...O(1) 2.94(1); Au(1)…O(2) 3.20(1);
Cl(1)...N(1) 3.19(2); Cl(2)…N(2) 3.41(2) Å.
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Figure 2.3. Variable temperature 1H NMR spectra of complex 2a in CD2Cl2 (400 MHz); at (a)
25oC, (b) 0oC and at (c) -40oC. The resonance Ho shown here is due to the protons of the C6H4
group ortho to carbonyl.
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Figure 2.4. Variable temperature 31P NMR spectra of complex 2a in CD2Cl2 (162 MHz); at (a)
25oC, and at (b) -40oC.
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The 31P NMR spectra of complex 2c (Figure 2.5) are more complex than for 2a (Figure
2.4) because there is also coupling to 107Ag and 109Ag. At room temperature the spectrum at 243
MHz appeared as a broad doublet, indicating effective C2 symmetry and with an average
coupling 1JAgP. At lower temperatures, the spectrum first broadened and then split to give a
complex second-order spectrum, which was analysed by computer simulation to give the
parameters listed in Figure 2.5. The values of 1JAgP are typical for two-coordinate silver
phosphine complexes,5,8 but the value of 2JPaPb = 170 Hz is much lower than in 2a (399 Hz) and
appears to be the lowest known in trans-chelate ligand complexes. Thus, it lies well outside the
known range of 300–500 Hz,5 though still greater than when the ligand coordinates as cisbidentate.2,3 A likely reason is that the distorted linear stereochemistry with weak Ag...O
interactions, established in the solid state (Figure 2.1), remains in solution.
By analysis of the coalescence of equivalent peaks in the 1H and 31P NMR spectra, using
the Eyring equation, the activation energies for the fluxionality were estimated to be 49 and 48
kJ mol-1 for 2a and 2c, respectively. These values are equal within experimental error and
indicate that a similar twisting mechanism, through a C2-symmetric intermediate or transition
state, applies for each complex (Scheme 2.2).
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Figure 2.5. Variable temperature
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P NMR spectra (243 MHz) of complex 2c in CD2Cl2: (a)

25oC; (b) -20oC; (c) -30oC; (d) simulated spectrum with δ(Pa) = 9.89, δ(Pb) = 12.09, ∆ν = 534
Hz, 1J(107AgPa) = 513 Hz, 1J(109AgPa) = 590 Hz, 1J(107AgPb) = 491 Hz, 1J(109AgPb) = 565 Hz, 2JPaPb =
170 Hz.

Scheme 2.2. P = PPh2. Proposed mechanism of fluxionality (M = Ag+ or Au+).
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2.3

Conclusion
In summary, the complexes [M(1)]+, 2a - 2c, are shown to contain the ligand 1 in trans-

chelate bonding mode. Are they good models for the proposed intermediate [Pd(1)], A, of
Scheme 2.1? In terms of reactivity, the complexes 2a - 2c are relatively unreactive. For example,
they show no reactivity towards hydrogen peroxide, pyridine, 1,5-cyclooctadiene or phenyl
acetylene whereas A is too reactive to detect directly.1–3
The compounds 2 may act as structural models for [Pd(1)], A, though it should be
recognised that the electron-rich Pd(0) centre is less likely to give the weak interactions with the
carbonyl units observed in 2a - 2c. Figure 2.6 shows how the two NH groups on the more open
face are well positioned to bind an acetate group (Figure 2.1) and guide an alkene to the
asymmetric metal centre. The structures, NMR spectra and dynamic properties of complexes
with ligand 1 in trans-chelate bonding mode are expected to play a role as models in
understanding the mechanisms of enantioselective catalysis.1–3

Figure 2.6. Space filling model of complex 2a.
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2.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and
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P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario. R,R-1 ligand was purchased
from Aldrich Chemical Company.
[AuCl(SMe2)]
This procedure is modified from the literature method.9 Au (9.88 g, 50.2 mmol) was dissolved in
boiling aqua regia (160 mL ). The volume was reduced to ca. 30 mL by boiling, then HCl (ca.
100 mL, conc.) was added, and the volume again reduced to ca. 30 mL. This procedure was
repeated until the vapors produced were no longer brown. The final solution (30 mL) was cooled
to room temperature, and methanol (ca. 200 mL) was added. With minimum light exposure,
SMe2 (ca. 10 mL, excess) was added dropwise, with continuous stirring, until no red colour
appeared. The white precipitate of the product was recovered by filtration, washed with methanol
(15 mL), diethyl ether (15 mL) and pentane (15 mL) and dried under vacuum. Yield: 11.8 g;
79.9%. NMR in acetone-d6: δ(1H) = 2.86 [s, 6H,CH3].
R,R-trans-1,2-C6H10(NHCO-2-C6H4PPh2)2, R,R-1.
R,R-1 was a commercial sample; Aldrich Chemical Company. NMR in CD2Cl2: δ(1H) = 7.59
[dd, 3JHH = 7 Hz, 4JHH = 3 Hz, 2H, C6H4]; 7.36-7.15 [m, 24H, Ph and C6H4]; 6.93 [dd, 3JHH = 7
36

Hz, 4JHH = 3 Hz, 2H, C6H4]; 6.50 [br, 2H, NH]; 3.73 [m, 2H, CHN]; 1.89 [m, 2H, C6H10]; 1.68
[m, 2H, C6H10]; 1.27 [m, 2H, C6H10]; 1.10 [m, 2H, C6H10]; δ(31P) = -9.3 [s].
[Au(1)]Cl, 2a.
A solution of 1 (0.1686g, 0.244 mmol) in dichloromethane (10 mL) was added to a solution of
[AuCl(SMe2)] (0.0718 g, 0.244 mmol) in dichloromethane (10 mL). The mixture was stirred for
12 h. to give a white precipitate of the product which was collected, washed with n-pentane (5x3
mL), and diethyl ether (5x3 mL), and dried under vacuum. Yield 0.19 g, 84 %. NMR in CD2Cl2:
δ(1H) = 9.19 [br, 2H, NH]; 8.17 [d, 3JHH = 7 Hz, 2H, C6H4]; 7.66 [m, 2H, C6H4]; 7.59-7.32 [m,
22H, Ph and C6H4]; 6.95 [m, 2H, C6H4]; 4.33 [m, 2H, CHN]; 1.90 [m, 2H, C6H10]; 1.66 [m, 2H,
C6H10]; 1.46-1.24 [m, 4H, C6H10]; δ(31P) = 45.1 [s]. Anal. Calc. for C44H40AuClN2O2P2: C,
57.25; H, 4.37; N, 3.03. Found: C, 57.09; H, 4.44; N, 2.94 %. Single crystals were grown by
slow diffusion of n-pentane into a dichloromethane solution of 2a.
[Au(1)]BF4, 2b.
A solution of Ag[BF4] (0.10g, 0.0513 mmol) in dichloromethane (10 mL) was added to a
solution of 2a (0.0474g, 0.0513 mmol) in dichloromethane (10 mL). The mixture was stirred for
12 h. to give a white precipitate of the product which was collected, washed with n-pentane (5x3
mL), and diethyl ether (5x3 mL), and dried under vacuum. Yield 0.045 g, 90 %. NMR in
CD2Cl2: δ(1H) = 8.17 [br, 2H, NH]; 7.99 [d, 3JHH = 7 Hz, 2H, C6H4]; 7.76 [m, 2H, C6H4]; 7.607.32 [m, 22H, Ph and C6H4]; 6.99 [m, 2H, C6H4]; 4.20 [m, 2H, CHN]; 1.98-1.90 [m, 4H, C6H10];
1.72 [m, 2H, C6H10]; 1.35 [m, 2H, C6H10]; δ(31P) = 45.1 [s]. Anal. Calc. for
C44H40AuBF4N2O2P2: C, 54.23; H, 4.14; N, 2.87. Found: C, 54.10; H, 4.04; N, 2.94 %. Single
crystals were grown by slow diffusion of n-pentane into a dichloromethane solution of 2b.
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[Ag(1)](CF3CO2), 2c.
A mixture of ligand 1 (0.050 g, 0.0723 mmol) and silver trifluoroacetate (0.0159 g, 0.0723
mmol) in THF (10 mL) was stirred for 12 h. to give a white precipitate which was collected,
washed with n-pentane (5x3 mL), and diethyl ether (5x3 mL), and dried under vacuum. Yield
0.049 g, 74 %. NMR in CD2Cl2: δ(1H) = 9.58 [br, 2H, NH]; 8.05 [d, 3JHH = 7 Hz, 2H, C6H4];
7.61 [m, 2H, C6H4]; 7.52-7.22 [m, 22H, Ph and C6H4]; 6.97 [m, 2H, C6H4]; 4.24 [m, 2H, CHN];
1.77 - 2.09 [m, 4H, C6H10]; 1.68 [m, 2H, C6H10]; 1.34 [m, 2H, C6H10]; δ(31P) = 11.32 [m]. Anal.
Calc. for C46H40AgF3N2O4P2: C, 60.60; H, 4.42; N, 3.07. Found: C, 60.88; H, 4.46; N, 2.76 %.
Single crystals were grown by slow diffusion on n-pentane into an acetone solution of 2c.
X-ray Structure Determination: X-ray data were obtained and solutions were determined by
Dr. M. Jennings in this chapter. Suitable crystals were mounted on a glass fibre and data was
collected at low temperature (- 123˚C) on a Bruker Apex II CCD or Nonius Kappa-CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 2.1: Crystallographic data for complex 2a.(1.5)CH2Cl2.(0.5)H2O
Empirical Formula

C45.5 H44 Au Cl4 N2 O2.5 P2

Formula Weight

1059.53

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P1

Unit Cell Dimensions

a = 11.493(2) Å

α = 90.48(3)°

b = 11.622(2) Å

β = 104.77(3)°

c = 17.518(8) Å

γ = 97.51(3)°

Volume

2241.1(8) Å3

Z

2

Density (calculated)

1.569 mg/m3

Absorption Coefficient (µ)

3.632 mm-1

Crystal Size

0.03 x 0.10 x 0.20 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.021

Final R indices [I>2σ(I)]

R1= 0.0580, wR2 = 0.1351

R indices (all data)

R1 =0.0667, wR2 = 0.1415
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Table 2.2: Crystallographic data for complex 2b.(3)CH2Cl2
Empirical Formula

C47 H46 Au B Cl6 F4 N2 O2 P2

Formula Weight

1229.2

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P1

Unit Cell Dimensions

a = 11.9958(4) Å

α = 73.731(2)°

b = 12.1404(3) Å

β = 89.798(2)°

c = 18.3736(6) Å

γ = 81.870(2)°

Volume

2541.02(1) Å3

Z

2

Density (calculated)

1.607 mg/m3

Absorption Coefficient (µ)

3.327 mm-1

Crystal Size

0.10 x 0.17 x 0.23 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.024

Final R indices [I>2σ(I)]

R1= 0.0612, wR2 = 0.1314

R indices (all data)

R1 = 0.0846, wR2 = 0.1660
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Table 2.3: Crystallographic data for complex 2c.(2)Me2CO
Empirical Formula

C52 H52 Ag F3 N2 O6 P2

Formula Weight

1027.77

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21

Unit Cell Dimensions

a = 17.536(4) Å

α = 90°

b = 14.920(3) Å

β = 92.44(3)°

c = 18.883(4) Å

γ = 90°

Volume

4936.2(17) Å3

Z

4

Density (calculated)

1.383 mg/m3

Absorption Coefficient (µ)

0.535 mm-1

Crystal Size

0.09 x 0.11 x 0.13 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.116

Final R indices [I>2σ(I)]

R1= 0.0572, wR2 = 0.1116

R indices (all data)

R1 = 0.0672, wR2 = 0.1261
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Chapter 3

Self-assembled polymers of silver(I) with a chiral
diphosphine ligand

A version of this chapter has been published; Nasser, N.; Puddephatt, R. J. Chem Commun.,
2011, 47, 2808.
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3.1

Introduction

There is much current interest in diphosphine complexes of silver(I), because they can give
interesting self-assembled materials and because of their useful biological and catalytic
activity.1,2

Chiral diphosphine complexes, including polymers, have found many recent

applications in enantioselective catalysis, but there is little structural information to guide
development.2,3 Most interesting molecular materials have been assembled with Ag:P ratio
of either 1:2 or 1:3.1,4 Complexes with Ag:P ratio of 1:1 with formula Ag2X2(LL), formed
from silver salts AgX and LL = diphosphine ligand, typically exist in either disilver or
tetrasilver units,1,4,5 but it is now shown that polymers are obtained by combination of the
chiral diphosphine ligand R,R-trans-1,2-C6H10(NHCO-2-C6H4PPh2)2, R,R-1,6 with silver salts
(Scheme 3.1). Three structural types are found depending on the coordinating ability of the
anion X-.
It was previously reported that the reaction of the diphosphine ligand R,R-1 with
silver salts in a 1:1 ratio gives the trans chelate complexes 2 (Scheme 3.1).7 The new
polymeric complexes, which can be considered as [{Ag2(µ-1)}n]X2n, 3a, X = BF4; 3b, X =
NO3; 3c, X = CF3CO2, could be prepared by direct reaction of the ligand R,R-1 with the
corresponding silver salt in a 1:2 ratio or by reaction of the chelate complexes 2a – 2c with
The chloride complex [{Ag2X2(µ-1)}n], 3d,

the corresponding silver salt (Scheme 3.1).

could not be prepared in an analogous way but was prepared by reaction of 3c, or the
corresponding acetate salt, with lithium chloride.
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Scheme 3.1.

Synthesis of complexes 3a – 3d.

molecules are omitted for clarity.
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Most anions and coordinated solvent

3.2

Results and discussion
The complexes all showed dynamic behaviour in solution, as shown by their variable

temperature

31

P NMR spectra (Figures 3.1 - 3.4). Typical for complexes 3a – 3c, complex

3a in acetone-d6 (Figure 3.1) gave a broad singlet at δ(31P ) = 10.8 at 25˚C, and coupling to
silver was only clearly resolved at -80˚C with δ(31P ) = 8.92, 1J(109AgP) = 843 Hz. The broad
resonances at room temperature indicate the rapid Ag/P exchange. However, complex 3d
gave a single broad doublet
1

31

P NMR resonance at room temperature with δ(31P) = 6.5 and

J(AgP) = 382 Hz (separate couplings to

107

Ag and

109

Ag were not resolved) (Figure 3.4) but

at least ten resonances in the range δ(31P) = 3 – 10 at -80˚C. This suggests that a mixture of
oligomers, formed by dissociation of some bridging chloride units, is present in solution, and
they exchange only slowly at -80˚C. The highest mass peak in the ESI-MS of 3d was at m/z
= 1629, corresponding to the ion [Ag2Cl(1)2]+ (107Ag235Cl isotopomer). Thus, although the
complexes are polymeric in the solid state, they appear to be present as a dynamic mixture of
oligomers in solution at room temperature.
The structures of complexes 3a and 3b (simplified by omission of anions, solvent and
most phenyl atoms) are shown in Figure 3.5. In the structural form adopted in 3a and 3b, the
ligand R,R-1 is in a conformation with the phosphorus donor and its nearest carbonyl oxygen
donor atom mutually syn, and pairs of these units from neighbouring diphosphine ligands are
bridged by pairs of silver(I) ions to form 12-membered rings, in which each silver ion is
primarily coordinated to a carbonyl oxygen of one ligand and a phosphorus donor of the
other ligand R,R-1 (Figure 3.5). The pairs of silver ions are separated by distances which
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Figure 3.1. Variable temperature 31P NMR spectra in acetone-d6 of complex 3a at (a) 25˚C; (b)
0.0˚C; (c) -20˚C; (d) -40˚C; (e) -60˚C; (f) -80˚C [1J 109AgP = 843 Hz].
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Figure 3.2. Variable temperature

31

P NMR spectra in CD2Cl2 of complex 3b at (a) 25˚C; (b)

0.0˚C; (c) -20˚C; (d) -40˚C [1J 109AgP = 885 Hz]; (e) -60˚C; (f) -80˚C.
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Figure 3.3. Variable temperature

31

P NMR spectra in CD2Cl2 of complex 3c at (a) 25˚C; (b)

0.0˚C; (c) -40˚C; (d) -60˚C [1J 109AgP = 867 Hz].
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Figure 3.4. Variable temperature

31

P NMR spectra in CD2Cl2 of complex 3d at (a) 25˚C; (b) -

40˚C; (c) -80˚C.
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suggest the presence of weak Ag...Ag secondary bonds [Ag...Ag = 2.9406(6) – 3.1854(7) Å in
3a; 3.0849(7) – 3.1882(7) Å in 3b].8 The stereochemistry of each silver centre is distorted
from linearity, primarily due to weak coordination of solvent molecules and/or anions [mean
angle P-Ag-O = 147o and 144o in 3a and 3b respectively]. Propagation of the structure gives
rise to the homochiral helical polymer chains [{Ag2(µ-R,R-1)}n]2n+ shown in Figure 3.5, with
pairs of Ag...Ag bonded silver(I) centres bridged by the diphosphine ligands. This structural
form of the polymer is observed only with the weakly bonding anions BF4- (3a) and NO3(3b), in which the sequence of donor abilities is evidently P > C=O > anion, solvent.

Figure 3.5. Views of the structures of polymers 3a (above) and 3b (below). Anions and solvent
molecules and most or all phenyl carbon atoms are omitted for clarity. Above, 3a. Symmetry of
neighbouring units: x,y,z; 1+x, y, z; x-1, y, z. Below, 3b, only the numbers for silver atoms are
given. Symmetry of neighbouring units: x,y,z; -x, y, -z; 1-x, y, 1-z.
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Table 3.1: Bond lengths [Å] and angles [deg] for complex 3a

Ag(1)-O(1)

2.199(4)

Ag(2)-Ag(3)

3.1854(7)

Ag(1)-P(4)

2.344(1)

Ag(3)-O(4)

2.203(4)

Ag(1)-Ag(4)

2.9406(6)

Ag(3)-P(2)

2.350(2)

Ag(2)-O(3)

2.386(4)

Ag(4)-O(2)

2.252(4)

Ag(2)-P(1)

2.365(1)

Ag(4)-P(3)

2.370(1)

P(4)-Ag(1)-O(1)

159.15(2)

P(2)-Ag(3)-O(4)

164.98(5)

P(1)-Ag(2)-O(3)

114.67(6)

P(3)-Ag(4)-O(2)

150.88(1)

Table 3.2: Bond lengths [Å] for complex 3b

Ag(1B)-O(1)

2.270(4)

Ag(3)-P(3)

2.368(2)

Ag(1)-P(1)

2.342(1)

Ag(4)-O(17)

2.335(4)

Ag(1)-Ag(1B)

3.1389(8)

Ag(4)-P(4)

2.377(2)

Ag(2)-O(12)

2.277(4)

Ag(4)-Ag(5)

3.1882(7)

Ag(2)-P(2)

2.357(1)

Ag(5)-O(13)

2.401(4)

Ag(2)-Ag(3)

3.0849(7)

Ag(5)-P(5)

2.380(2)

Ag(3)-O(2)

2.328(4)
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The second structural form is observed in the trifluoroacetate (TFA) derivative 3c,
whose structure is shown in Figure 3.6. Now the sequence of donor abilities is evidently P >
anion > C=O > solvent. In support, the mean distance Ag-O(TFA) = 2.22 Å is shorter than
Ag-O(C=O) = 2.55 Å and the mean angle P-Ag-O(TFA) = 153o is greater than P-Ag-O(C=O)
= 112o. Each silver(I) centre has distorted T-shaped stereochemistry. In contrast to 3a and
3b, the phosphorus and remote carbonyl oxygen donor of each diphosphine ligand are
mutually syn and the silver(I) centres bridge between pairs of ligands R,R-1 to give large 22membered rings with no Ag...Ag bonding. Propagation of this structure gives the neutral
ribbon polymer shown in Figure 3.6. Each trifluoroacetate anion binds to silver(I) through
one oxygen and forms a hydrogen bond to an NH group of R,R-1 with the other oxygen atom.
The third structural form is observed in the chloride derivative 3d, whose structure is
shown in Figure 3.7. Now the sequence of donor abilities is evidently P > anion >> C=O,
solvent and the carbonyl groups are not bonded to silver at all. The chloride ions bridge
between pairs of silver(I) centres so that each silver(I) unit has AgPCl2 coordination. The
stereochemistry at silver(I) is distorted, between trigonal and T-shaped, with very different
values of the Ag-Cl distances and P-Ag-Cl bond angles (Figure 3.7). The Ag2Cl2 units are
non-planar and give a short contact Ag(1)-Ag(1A) = 3.1159(5) Å.

Propagation of the

structure gives a new form of chiral helical polymer. The structure is reinforced by hydrogen
bonding between each chloride ligand and a neighbouring NH group (Figure 3.7).
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Figure 3.6. The structure of polymer 3c. Only the ipso carbon atoms of phenyl groups are
shown, and fluorine atoms are omitted for clarity. Ag(1)-O(2) 2.226(6); Ag(1)-O(5) 2.534(4);
Ag(1)-P(1) 2.372(2); Ag(2)-O(4) 2.215(6); Ag(2C)-O(6) 2.561(3); Ag(2)-P(2) 2.374(2) Å.
Symmetry of neighbouring units: x,y,z; x, y, z-1; 1-x, y, 2-z.

Figure 3.7. The structure of polymer 3d. Only the ipso carbon atoms of phenyl groups are
shown.

Ag(1)-P(1) 2.3761(9); Ag(1)-Cl(1) 2.4343(9); Ag(1)-Cl(1A) 2.7395(8); Ag(1)-

Ag(1A) 3.1159(5) Å; P(1)-Ag(1)-Cl(1) 155.20(3); P(1)-Ag(1)-Cl(1A) 112.17(3); Cl(1)Ag(1)-Cl(1A) 92.57(3)o. Symmetry of neighbouring units: x,y,z; 1-x, 1-y, z; -x, 1-y, z.
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3.3

Conclusion

In conclusion, this work shows that the ligand 1 forms the first chiral polymeric
complexes [{Ag2(µ-1)}n]2n+ and [{Ag2X2(µ-1)}n] and that the structure may be controlled by
the binding ability of the anion X-. The ligand 1 has a remarkable ability to act as a transchelate or bridging ligand, to act as a phosphorus donor only or as a P,O bridging or
chelating ligand,9 and to adopt the very different conformations required to form each type of
polymer.
3.4

Experimental
All reactions were carried out using standard Schlenk techniques, unless otherwise

specified. All NMR spectra were recorded at ambient temperature, unless otherwise noted (ca.
25˚C), by using Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and
chemical shifts are reported relative to TMS (1H) and 85% H3PO4 respectively. All
spectra in this chapter are recorded as
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31

31

P

P NMR

P{1H}. Mass spectrometric analysis was carried out

using an electrospray PE-Sciex Mass Spectrometer (ESI-MS) coupled with TOF detector.
Satisfactory elemental analyses were obtained by Guelph Chemical Laboratories, Guelph,
Ontario. R,R-1 ligand was purchased from Aldrich Chemical Company.
[Ag2(R,R-1)](BF4)2, 3a.
To a solution of R,R-1 (50 mg, 0.0723 mmol) in THF ( 10 mL) was added a solution of silver
tetrafluoroborate (28.2 mg, 0.145 mmol) in THF (5 mL) and H2O (1 mL). The solution was
allowed to stir for 12 h.. The solvent was removed and the white product was collected and then
purified by reprecipitation from a concentrated acetone solution by addition of pentane and dried
under vacuum. Yield: 72.2 mg, 92.3%. NMR in acetone-d6: δ(1H) = 8.12 [m, 2H, C6H4]; 7.94 [d,
3

JHH = 7 Hz, 2H, NH]; 7.37-7.57 [m, 24H, Ph and C6H4]; 7.10 [m, 2H, C6H4]; 4.21 [m, 2H,
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CHN]; 1.79 [m, 2H, C6H10]; 1.70 [m, 2H, C6H10]; 1.59 [m, 2H, C6H10]; 1.28 [m, 2H, C6H10];
δ(31P) (at 25°C) = 10.80; δ(31P) (at -80°C) = 8.92 1J(107AgP) = 736 Hz, 1J(109AgP) = 843 Hz. Anal.
Calcd. For C44H40Ag2B2F8N2O2P2: C, 48.93; H, 3.73; N, 2.59. Found: C, 48.92; H, 3.53; N,
2.46%. Single crystals of 3a.(2.5)MeOH.(0.5)H2O were grown by slow diffusion of n-pentane
into a solution of 3a in chloroform/methanol.
[Ag2(R,R-1)](NO3)2, 3b.
This was prepared in a similar way using silver nitrate (24.6 mg, 0.145 mmol) and R,R-1 (50 mg,
0.0723) mmol. Yield: 66.3 mg, 88.6 %. NMR in CD2Cl2: δ(1H) = 8.32 [m, 2H, C6H4]; 8.05 [d,
3

JHH = 7 Hz, 2H, NH]; 7.59 [m, 2H, C6H4]; 7.51-7.27 [m, 22H, Ph and C6H4]; 7.04 [m, 2H,

C6H4]; 3.97 [m, 2H, CHN]; 2.12 [m, 2H, C6H10]; 1.85-1.62 [m, 4H, C6H10]; 1.30 [m, 2H, C6H10];
δ(31P) (at 25°C) = 12.63; δ(31P) (at -40°C) = 11.92 1J(107AgP) = 766 Hz, 1J(109AgP) = 885 Hz. Anal.
Calcd. For C44H40Ag2N4O8P2(3C5H12): C, 56.83; H, 6.14; N, 4.49 %. Found: C, 56.51; H, 6.19;
N, 4.58%. Single crystals of complex (2.5)3b.(9)CH2Cl2 were grown by slow diffusion of npentane into dichloromethane solution of the compound.
[Ag2(R,R-1)](CF3CO2)2, 3c.
A mixture of R,R-1 (50 mg, 0.0723 mmol) and silver trifluoroacetate (31.9 mg, 0.145 mmol) in
THF (10 mL) was stirred for 12 h. to give a white precipitate which was collected, washed with
pentane (3x5 mL) and ether (3x5 mL) and dried under vacuum. Yield : 73.1 mg, 89.1 %. NMR
in CD2Cl2: δ(1H) = 8.18 [br, 2H, NH]; 8.12 [m, 2H, C6H4]; 7.57-7.26 [m, 24H, Ph and C6H4];
7.06 [m, 2H, C6H4]; 4.04 [m, 2H, CHN]; 2.01 [m, 2H, C6H10]; 1.64 [m, 2H, C6H10]; 1.17-1.33
[m, 4H, C6H10]; δ(31P) (at 25°C) = 12.79; δ(31P) (at -60°C) = 12.12 1J(107AgP) = 763 Hz, 1J(109AgP)
= 867 Hz. Anal. Calcd. For C48H40Ag2F6N2O6P2: C, 50.91; H, 3.56; N, 2.47 %. Found: C, 50.90;
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H, 3.42; N, 2.50 %. Single crystals of complex 3c.C5H12 were grown by slow diffusion of npentane into a dichloromethane solution of the compound.
[Ag2Cl2(R,R-1)], 3d.
A solution of silver acetate (48.33 mg, 0.2895 mmol) in dichloromethane (10 mL) was added to
a solution of R,R-1 (100 mg, 0.144 mmol) in dichloromethane (10 mL). The mixture was stirred
for 12 h. to give a white precipitate which was collected, washed with pentane (3x5 mL) and
ether (3x5 mL) and dried under vacuum. To a solution of this product; [Ag2(CH3CO2)2(R,R-1)],
(100 mg, 0.0976 mmol) in methanol (10 mL) was added a solution of lithium chloride (8.3 mg,
0.1952 mmol) in methanol (10 mL). The solution was allowed to stir for 24 h., then the solvent
was removed to give the product as a white solid. This was dissolved in dichloromethane and the
solution was extracted with water to remove inorganic salts. The product was precipitated from
dichloromethane solution by addition of n-pentane, then separated and dried under vacuum.
Yield: 89.9 mg, 94 %. NMR in CD2Cl2: δ(1H) = 7.52 [br, 2H, NH]; 6.96-7.40 [m, 28H, Ph and
C6H4]; 3.94 [m, 2H, CHN]; 2.11 [m, 2H, C6H10]; 1.61 [m, 2H, C6H10]; 1.26 [m, 2H, C6H10]; 1.04
[m, 2H, C6H10]; δ(31P) (at 25°C) = 6.50. Anal. Calcd. For C44H40Ag2Cl2N2O2P2: C, 54.07; H,
4.13; N, 2.87 %. Found: C, 54.81; H, 4.17; N, 2.64%. Single crystals of complex 3d were grown
by

slow

diffusion

of

n-pentane

into

a

solution

of

the

compound

in

tetrahydrofuran/dichloromethane.
X-ray Structure Determination: X-ray data were obtained and solutions were determined by
both Ms. A. Borecki and Dr. G. Popov in this chapter. Suitable crystals were mounted on a glass
fibre and data was collected at low temperature (- 123 ˚C) on a Bruker Apex II CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 3.3: Crystallographic data for complex 3a.(2.5)MeOH.(0.5)H2O
Empirical Formula

C46.5 H51 Ag2 B2 F8 N2 O5 P2

Formula Weight

1168.68

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

P 21 21 21

Unit Cell Dimensions

a = 20.2501(7) Å

α = 90°

b = 20.7455(8) Å

β = 90°

c = 23.6214(9) Å

γ = 90°

Volume

9923.3(6) Å3

Z

8

Density (calculated)

1.563 mg/m3

Absorption Coefficient (µ)

0.930 mm-1

Crystal Size

0.09 x 0.11 x 0.15 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.039

Final R indicies [I>2σ(I)]

R1= 0.0488, wR2 = 0.1040

R indicies (all data)

R1 =0.0516, wR2 = 0.1136
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Table 3.4: Crystallographic data for complex (2.5)3b.(9)CH2Cl2
Empirical Formula

C119 H117.5 Ag5 Cl18 N10 O20 P5

Formula Weight

3340.03

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

C2

Unit Cell Dimensions

a = 49.1113(18) Å

α = 90°

b = 15.7929(5) Å

β = 94.213(2)°

c = 18.8454(7) Å

γ = 90°

Volume

14577.2(9) Å3

Z

4

Density (calculated)

1.522 mg/m3

Absorption Coefficient (µ)

1.107 mm-1

Crystal Size

0.28 x 0.28 x 0.32 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.068

Final R indicies [I>2σ(I)]

R1= 0.0483, wR2 = 0.1109

R indicies (all data)

R1 = 0.0614, wR2 = 0.1277
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Table 3.5: Crystallographic data for complex 3c.C5H12
Empirical Formula

C53 H52 Ag2 F6 N2 O6 P2

Formula Weight

1204.65

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

C1

Unit Cell Dimensions

a = 26.5223(8) Å

α = 90°

b = 17.2451(8) Å

β = 90.708(2)°

c = 11.0171(4) Å

γ = 90°

Volume

5038.6(3) Å3

Z

4

Density (calculated)

1.588 mg/m3

Absorption Coefficient (µ)

0.915 mm-1

Crystal Size

0.02 x 0.03 x 0.13 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.041

Final R indicies [I>2σ(I)]

R1= 0.0315, wR2 = 0.0673

R indicies (all data)

R1 = 0.0472, wR2 = 0.0744
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Table 3.6: Crystallographic data for complex (0.5)3d
Empirical Formula

C22 H20 Ag Cl N O P

Formula Weight

488.68

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

P 21 21 2

Unit Cell Dimensions

a = 9.6784(5) Å

α = 90°

b = 24.3310(13) Å

β = 90°

c = 8.8933(4) Å

γ = 90°

Volume

2094.24(18) Å3

Z

4

Density (calculated)

1.550 mg/m3

Absorption Coefficient (µ)

1.178 mm-1

Crystal Size

0.02 x 0.05 x 0.05 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.054

Final R indicies [I>2σ(I)]

R1= 0.0364, wR2 = 0.0666

R indicies (all data)

R1 = 0.0561, wR2 = 0.0732
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Chapter 4

A diphosphine ligand with amide functionality and its
complexes with gold(I) and silver(I): self-assembly of
sheet structures

A version of this chapter has been published; Nasser, N.; Puddephatt, R. J. Cryst. Growth Des.,
2012, 12, 4275.
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4.1

Introduction
The field of self-assembly through dynamic coordination chemistry is dominated by the

use of bridging nitrogen- or oxygen-donor ligands,1 but there is increasing interest in the use of
bridging phosphorus-donor ligands for the self-assembly of molecular materials.2,3 One strategy
that has been used to increase the dimensionality of molecular materials, or to tailor their ability
to act as selective hosts in host-guest chemistry, is to incorporate hydrogen bonding groups,
especially amide groups, into the nitrogen- or oxygen-donor ligands. It is then possible to enable
self-assembly by a combination of dynamic coordination chemistry and hydrogen bonding.4,5
However, this strategy has rarely been used with ligands containing both diphosphine and amide
functionality.6 Phosphine-amide ligands are known and they have been studied primarily for
applications in catalysis and inorganic medicine.7-9 This chapter reports a new diphosphine
ligand, N,N’-bis(2-diphenylphosphinoethyl)terephthalamide, dppeta, and its complexes with
silver(I) and gold(I), all of which have sheet structures arising, at least in part, by intermolecular
hydrogen bonding.
4.2

Results and discussion
The ligand dppeta was prepared by reaction of 2-diphenylphosphinoethylamine,

Ph2PCH2CH2NH2, with terephthaloyl chloride in the presence of base (Scheme 4.1). It was
isolated as a white solid, which was sparingly soluble in most common organic solvents and
which was slowly oxidized to the corresponding diphosphine dioxide on standing in air. The low
solubility of dppeta is thought to arise from the strong self-association through intermolecular
hydrogen bonding (vide infra), and its coordination complexes tend to be even less soluble. This
solubility problem caused difficulties in the synthesis and purification of the complexes, but it
has been possible to obtain the ligand and its complexes [Au2Cl2(µ-dppeta)].Me2SO, 1,
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[Ag2(O2CCF3)2(µ-dppeta)], 2, and [Ag2(OTf)2(OH2)2(µ-dppeta)], 3, (Scheme 4.1), as single
crystals and so to establish their structures.
The compounds were initially characterized by their NMR spectra. For example, each
pure complex gave a single resonance in the

31

P NMR spectrum. At room temperature, the

chemical shifts for dppeta was δ(31P) = -20.5 and the complexes 1, 2 and 3 gave δ(31P) = 24.4,
5.4 and 5.8 respectively.

The silver complexes gave only a singlet resonance at room

temperature, with no resolved coupling to 107Ag or 109Ag, but the silver couplings were resolved
at very low temperatures in CD3OD solution (Figures 4.1 and 4.2). The trifluoroacetate complex
2 gave 1J(109AgP) = 805 Hz at -100oC (Figure 4.1). The triflate complex 3 gave 1J(109AgP) = 803
Hz at -100oC (Figure 4.2). This indicates that the silver complexes are fluxional, with easy,
reversible cleavage of the Ag-P bonds occurring in solution.
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Scheme 4.1. Synthesis of the compounds.
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Figure 4.1. Variable temperature 31P NMR spectra (CD3OD, 162 MHz) of complex 2 in CD3OD
solution: (a) 25oC; (b) -40oC; (c) -60oC; (d); -80oC; (e) -100oC.
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Figure 4.2. Variable temperature 31P NMR spectra (CD3OD, 162 MHz) of complex 3 in CD3OD
solution: (a) 25oC; (b) -40oC; (c) -60oC; (d); -80oC; (e) -100oC.
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Some further information was obtained from the ESI-MS of the complexes in
dichloromethane for complex 1 and in methanol for complexes 2 and 3. Complex 1 gave a
single major peak at m/z = 1017.2, which corresponds to the [Au2Cl(dppeta)]+ fragment, with no
significant peaks at higher mass. This suggests that the complex exists as separate molecules in
solution. However, the silver complexes gave more complex spectra. For example, complex 2
gave

a

major

peak

at

m/z

=

1503.21,

which

corresponds

to

the

fragment

[Ag2(OCOCF3)(dppeta)2]+, suggesting that some disproportionation of 2 may occur in solution to
give AgO2CCF3 and [Ag2(O2CCF3)2(µ-dppeta)2] (Equation 4.1).
peaks

at

m/z

=

695.1,

951

and

1539.2,

Similarly, 3 gave significant

corresponding

to

[Ag(dppeta)]+,

[Ag2(OSO2CF3)(dppeta)]+ and [Ag2(OSO2CF3)(dppeta)2]+ fragments, respectively. These data
are at least consistent with the NMR data described above, and may indicate how the phosphine
exchange reactions occur (Equation 4.1, M = Ag or Au, X = Cl, O2CCF3 or OTf, P-P = dppeta).
The ESI-MS data suggest that complexes with stoichiometry [M2X2(dppeta)2], with M = Ag or
Au, X = Cl, O2CCF3 or O3SCF3, (equation 4.1) but it has not yet been possible to grow crystals
of such complexes.

X-M-P P-M-X

2 MX + P-P
P P
M M
P

P

P-P

2+
2X

-

P P
X M

M X
P P
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(4.1)

The structure of the ligand dppeta is shown in Figure 4.3, in which the two halves of the
molecule are related by an inversion center. The amide group is twisted out of the plane of the
C6H4 ring by 37o, probably to give a conformation in which hydrogen bonding is optimized.
The hydrogen bonding in dppeta is shown in Figure 4.4 and, schematically, in Chart 4.1.
It occurs through typical C=O...HN hydrogen bonds.10 Each molecule is hydrogen bonded to
four equivalent molecules with O(1)...N(1B) = N(1)...O(1C) = O(1A)...N(1D) = N(1A)...O(1E) =
2.91 Å, and propagation of the structure gives a sheet structure. There are four intermolecular
hydrogen-bonding interactions for each molecule.

Figure 4.3. The structure of the diphosphine dppeta. There is an inversion center at the middle
of the C6H4 ring, with symmetry equivalent at –x, -y, -z.
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Figure 4.4. A section of the sheet structure formed by hydrogen bonding between molecules of
dppeta. Only the ipso carbon atoms of the terminal phenyl groups are shown, for clarity.
Symmetry equivalents: B, -x, ½ + y, 3/2 – z; C, -x, -½ + y, 3/2 – z; D, x, -½ - y, ½ + z; E, x, ½ y, ½ + z.
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Chart 4.1. The ligand dppeta and its hydrogen bonding motif.
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The structure of [Au2Cl2(µ-dppeta)].Me2SO, 1, is shown in Figure 4.5. There are two
independent molecules, each of which contains an inversion center at the centroid of the C6H4
ring. The two independent molecules have different conformations of the dppeta ligands, with
the Au(1) molecule more linear and the Au(2) molecule more S-shaped. In both molecules, the
amide group is close to being coplanar with the C6H4 ring, with the carbonyl group twisted out of
the plane by 14o and 2o for the Au(1) and Au(2) molecules, respectively. The NH groups of the
Au(1) molecule are hydrogen-bonded to DMSO solvent molecules, with N(1)...O(1S) = 2.82(1)
Å, so only the NH groups of the Au(2) molecules are available for intermolecular hydrogen
bonding. In each molecule, the gold(I) coordination geometry is approximately linear, with P(1)Au(1)-Cl(1) = 173.95(7)˚ and P(2)-Au(2)-Cl(2) = 174.63(7)˚.
As shown in Figure 4.5 and Chart 4.2, the independent Au(1) and Au(2) molecules are
connected through aurophilic interactions,11-13 with Au(1)...Au(2) = 3.1553(5) Å, to give a
supramolecular polymer.
As shown in Figure 4.6, each of the above polymers is linked to polymers on either side
through intermolecular hydrogen bonds between the NH groups of Au(2) molecules and the
carbonyl groups of Au(1) molecules, with N(2)...O(1) = 2.916(9) Å. Thus, propagation of the
structure in one direction through aurophilic bonds and in a second direction through hydrogen
bonding creates a sheet structure. Overall, in propagating the sheet structure, both the Au(1) and
Au(2) molecules give two aurophilic bonds and two hydrogen bonds, not counting the nonproductive NH..OSMe2 hydrogen bonds (Figure 4.5).
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Figure 4.5. The structure of complex 1. There is an inversion center at the middle of each C6H4
ring. Symmetry equivalents: A, -x, 1-y, -z; B, 2-x, -y, -z.

Selected bond parameters:

Au(1)...Au(2) = 3.1553(5), Au(1)-Cl(1) = 2.302(2), Au(1)-P(1) = 2.234(2), Au(2)-Cl(2) =
2.300(2), Au(2)-P(2) = 2.235(2) Å; P(1)-Au(1)-Cl(1) = 173.95(7), P(2)-Au(2)-Cl(2) =
174.63(7)˚. H-bond distance : N(1)...O(1S) = 2.82(1) Å.
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Chart 4.2. A central Au(1) molecule and its aurophilic bonding to two neighboring Au(2)
molecules in complex 1.
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Figure 4.6. A part of the sheet structure of the complex 1, showing a central polymer (red)
hydrogen bonded to polymers behind (blue) and in front (mauve). Only the ipso carbon atoms of
the terminal phenyl groups are shown, and DMSO molecules are omitted, for clarity. Hydrogen
bonding distance: N(2)...O(1) = 2.916(9) Å.
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The structure of the complex [Ag2(O2CCF3)2(µ-dppeta)], 2, is shown in Figure 4.7a.
Again there is an inversion center at the centroid of the C6H4 ring. The molecules take part in
two types of intermolecular association.

The bond angle P(1)-Ag(1)-O(2) = 151.11(6)˚ is

significantly distorted from linear as each silver atom forms a bond to a carbonyl oxygen atom of
a neighboring molecule, as shown in Figure 4.7b. The Ag-O distance to the trifluoroacetate
ligand, Ag(1)-O(2) = 2.219(2) Å is shorter than to the carbonyl group, Ag(1)-O(1) = 2.392(2) Å,
and the stereochemistry at silver(I) can be considered as distorted trigonal planar. Propagation of
this structural unit alone would give a coordination polymer.
Complex 2 also forms intermolecular hydrogen bonds, with the NH groups as donors and
the carbonyl oxygen atoms of the trifluoroacetate groups as acceptors, with N(1)...O(3) =
2.915(5) Å, as shown in Figure 4.8.

Propagation of the structure through both forms of

intermolecular bonding gives rise to a sheet structure. In this case, each molecule of 2 forms
eight intermolecular interactions, comprising four Ag...O=C (carbonyl) and four NH...O=C
(trifluoroacetate) hydrogen bonding interactions (Figure 4.8).
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Figure 4.7. (a) The structure of complex 2. Symmetry equivalent: A, 1-x, 1-y, -z. Selected
bond parameters:

Ag(1)-P(1) = 2.3586(8), Ag(1)-O(2) = 2.219(2) Å, P(1)-Ag(1)-O(2) =

151.11(6)˚. (b) The intermolecular bonding between silver atoms and carbonyl groups, with only
the ipso carbon atoms of the terminal phenyl groups shown, for clarity; Ag(1)-O(1B) = 2.392(2)
Å, P(1)-Ag(1)-O(1B) = 109.32(6), O(1B)-Ag(1)-O(2) = 97.43(8)˚.
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Figure 4.8. The complete intermolecular bonding of a molecule of complex 2 (red), showing
Ag...O=C bonding to two neighbors (green) and hydrogen bonding NH...O=C(O)CF3 (fluorine
atoms are omitted for clarity) to two others (blue). Symmetry equivalents: 1-x, -y, -z; 2-x, -y, -z;
x, 1+y, z; x-1, 1+y, z. Hydrogen bond distance N(1)...O(3C) = 2.915(5) Å.
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The triflate complex [Ag2(OTf)2(OH2)2(µ-dppeta)], 3, has the most complicated sheet
structure of those studied (Figures 4.9 and 4.10). Each molecule again contains a center of
symmetry. The silver atoms have distorted tetrahedral stereochemistry, being coordinated to a
phosphine, a triflate [Ag(1)-O(1) = 2.46(1) Å], a water molecule [Ag(1)-O(5) = 2.231(4) Å] and
a carbonyl group of a neighboring molecule [Ag(1)-O(4) = 2.513(3) Å], with the bond to the
water molecule being significantly shorter than the other two Ag-O bonds. A part of the
structure, showing how the intermolecular Ag...O=C bonding alone gives rise to a ribbon
polymer, is shown in Figure 4.9. This intermolecular Ag...O=C coordination was also observed
in complex 2 (Figure 4.7) but there is a significant difference in that the pairwise interaction in 3
involves silver and carbonyl groups from opposite halves of the molecule (Figure 4.9, containing
24-membered rings), whereas in 2 it involves silver and carbonyl groups from the same half of
the molecule (Figure 4.7, containing 14-membered rings).
The further association of the ribbon polymers to form a sheet structure occurs through a
complex pattern of hydrogen bonding, as described in Figure 4.10, which is color-coded to aid
interpretation. A central molecule (red) is connected to two neighbors (green) through the
intermolecular Ag...O=C (carbonyl) bonding and propagation yields the ribbon polymer, as
shown in Figure 4.9. In addition, each NH group forms a hydrogen bond to an oxygen atom of a
triflate group of a neighboring molecule and vice-versa [blue, brown, N(1)...O(3J) = 2.90(2) Å].
Moreover, each coordinated water molecule forms one hydrogen bond to a carbonyl oxygen
atom of a neighbor [pink, O(5)...O(4D) = 2.715(4) Å], and a second hydrogen bond to a triflate
oxygen atom of another neighbor [mauve, O(5)...O(2E) = 2.89(3) Å]. Overall, each molecule is
connected to ten others through twelve bonding interactions, comprising four Ag...O=C
coordination bonds, four NH...OTf hydrogen bonds, two OH...O=C hydrogen bonds and two
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OH...OTf hydrogen bonds (Figure 4.10). The overall effect is to crosslink the ribbon polymers
through multiple hydrogen bonds to form a tightly bound sheet structure.

Figure 4.9. The structure of complex 3 and part of the ribbon polymer structure formed by
intermolecular Ag...O=C bonding. Only the ipso carbon atoms of the terminal phenyl groups are
shown, for clarity. Symmetry equivalents: A, 3-x, -y, 1-z; B, x-1, y, z; C, 4-x, -y, 1-z. Selected
bond parameters: Ag(1)-P(1) = 2.347(1); Ag(1)-O(5) = 2.231(4); Ag(1)-O(1) = 2.46(1); Ag(1)O(4) = 2.513(3) Å; P(1)-Ag(1)-O(5) = 147.69(9)˚; P(1)-Ag(1)-O(4) = 111.37(7)˚; P(1)-Ag(1)O(1) = 112.4(4)˚.
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Figure 4.10. Part of the sheet structure of complex 3.
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One of the difficulties of working with phosphine ligands is that they are easily oxidized,
but the phosphine oxides themselves can be useful in supramolecular chemistry by acting as
hydrogen bond acceptors. The ligand dppeta is oxidized slowly in solution by air, as can be
monitored by the 31P NMR spectrum, as the singlet resonance for dppeta at δ = -20.53 is replaced
by a singlet for the dioxide dppetaO2, 4, at δ = +33.77. The compound 4 crystallized as the
chloroform adduct, whose structure is shown in Figure 4.11. The two halves of the individual
molecule are related by an inversion center, and each carbonyl group is involved in hydrogen
bonding to chloroform solvate molecules [O(2)...C(1S) 3.14(1); O(2)...C(2S) 3.06(1) Å]. The
intermolecular association then occurs through P=O...HN hydrogen bonding, with O(1)...N(1)
2.84(1) Å. Each molecule forms two hydrogen bonds as donor (NH groups) and two as acceptor
(P=O groups) but, in contrast to the parent dppeta, it binds to only two neighbors. Hence, the
intermolecular hydrogen bonding leads to formation of a ribbon polymer, as shown in Figure
4.11 and Chart 4.3, rather than the sheet structure observed for dppeta (Figure 4.4, Chart 4.1).
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Figure 4.11. The structure of the bis(phosphine oxide) derivative 4: left, showing the molecular
structure and interaction of the carbonyl groups with chloroform molecules; right, part of the
ribbon polymer formed by P=O...HN hydrogen bonding. Selected distances: P(1)-O(1) 1.512(4),
O(1)...N(1) 2.84(1), O(2)...C(1S) 3.14(1); O(2)...C(2S) 3.06(1) Å. Symmetry equivalents: A, 1-x,
1-y, -z; B, 1-x, -y, -z; C, x, 1+y, z.
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4.3

Conclusion
In conclusion, this work has shown that the ligand dppeta and its complexes with silver(I)

and gold(I) do take part in supramolecular self-association, as predicted. The details of the selfassembly are different for each case studied. The ligand dppeta itself underwent self-assembly in
a classical way for amides (Figure 4.4, Chart 4.1), analogous to the β-sheet structures of some
proteins. This simple structure was not seen in the complexes 1, 2 or 3. In the case of the gold
complex 1, the structure seems to be determined by the requirement to accommodate aurophilic
bonding, and the hydrogen bonding may then play a secondary role (Figures 4.5 and 4.6, Chart
4.2). In the silver complexes, the structures are partly determined by the tendency of silver(I) to
have a coordination number of three or four, which is accommodated by coordination of the
carbonyl groups of dppeta to silver (Figures 4.7 and 4.9). This disrupts the natural hydrogen
bonding motif of the amide groups, and so the NH groups form hydrogen bonds to the
trifluoroacetate or triflate anions instead (Figures 4.8 and 4.10). However, a common feature in
all of the structures is that the self-association leads to the formation of sheet structures. The
principal in guiding this form of self-assembly of sheets is that it allows all of the intermolecular
bonding interactions (hydrogen bonds, aurophilic bonds, secondary coordinate bonds) to be
contained in the interior section of each sheet, while the outer faces contain the phenyl groups in
all cases, some chloride groups for complex 1 or CF3 groups for complexes 2 and 3, as illustrated
in Figure 4.12.
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Figure 4.12. Space-filling views of the outer faces of the sheet structures of: top, the ligand
dppeta; center, the gold complex 1; bottom, the silver complex 3.
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4.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and

31

P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario.
1,4-C6H4(CONHCH2CH2PPh2)2, dppeta
To a solution of 2-(diphenylphosphino)ethylamine (3.114 g, 13.58 mmol) and triethylamine (10
mL) in CH2Cl2 (20 mL) was added dropwise a solution of terephthaloyl chloride (1.379 g, 6.791
mmol) in CH2Cl2 (20 mL). A white precipitate was formed immediately. The reaction mixture
was allowed to stir for 12 h., the solvent was evaporated, and the residue was extracted with
CHCl3 (30 mL). The CHCl3 layer was washed with water (3 x 30 mL), separated, dried over
MgSO4, filtered, and then the solvent was evaporated under vacuum to give the product as a
white solid. Yield: 1.9 g, 48%. NMR in CDCl3: δ(1H) = 7.30 - 7.81 [m, 24H, Ph and C6H4]; 6.35
[m, 2H, NH]; 3.68 [m, 4H, CH2N]; 2.45 [m, 4H, CH2P]; δ (31P) = -20.53 [s]. Anal. Calcd. for
C36H34N2O2P2: C, 73.46; H, 5.82; N, 4.76. Found: C, 73.54; H, 5.99; N, 4.80 %. Single crystals
of dppeta were obtained by the slow evaporation of the solvent from a saturated solution in
chloroform.

88

[Au2Cl2(dppeta)], 1.
To a solution of dppeta (0.05 g, 0.0848 mmol) in CH2Cl2 (10 mL) was added a solution of
[AuCl(SMe2)] (0.05 g, 0.1697 mmol) in CH2Cl2 (5 mL). The resulting solution was allowed to
stir overnight (ca. 10 h.).

Vacuum removal of the solvent gave a white solid which was

collected, washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried under high
vacuum. Yield: 0.072 g, 80%. NMR in CDCl3: δ (1H) = 7.33 - 7.92 [m, 24H, Ph and C6H4]; 7.14
[s, 2H, NH]; 3.77 [m, 4H, CH2N]; 2.94 [m, 4H, CH2P]; δ (31P) = 24.37 [s]. Anal. Calcd. for
C36H34Au2Cl2N2O2P2: C, 41.04; H, 3.25; N, 2.66 %. Found: C, 40.94; H, 3.37; N, 2.41 %. Single
crystals of complex 1 were grown by slow diffusion of n-pentane into a solution of the
compound dissolved in a mixture of solvents; toluene, dimethylsulfoxide, methanol and acetone.
[Ag2(O2CCF3)2(dppeta)], 2.
To a solution of dppeta (0.0320 g, 0.0543 mmol) in THF (2 mL), CHCl3 (2 mL) and CH3OH (2
mL) was added a solution of silver trifluoroacetate (0.0240 g, 0.1086 mmol) in THF (5 mL). The
mixture was allowed to stir for 12 h.. Vacuum removal of the solvent gave a white solid which
was collected, washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried under high
vacuum. Yield: 0.052 g (92.8 %). NMR in CD3OD: δ (1H) = 8.26 [t, 3JHH = 6 Hz, 2H, NH]; 7.32
- 7.83 [m, 24H, Ph and C6H4]; 3.69 [m, 4H, CH2N]; 2.82 [m, 4H, CH2P]; δ (31P) (at 25˚C) =
5.43; δ (31P) (at -100˚C) = 4.46 1J (109AgP) = 805 Hz. Anal. Calcd. for C40H34Ag2F6N2O6P2: C,
46.63; H, 3.33; N, 2.72 %. Found: C, 46.89; H, 3.18; N, 2.53 %. Single crystals of complex 2
were grown by slow diffusion of n-pentane into a methanol solution of the compound.
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[Ag2(OTf)2(dppeta)], 3.
To a solution of dppeta (0.0345g, 0.0586 mmol) in THF (2 mL), CHCl3 (2 mL) and CH2Cl2 (2
mL) was added a solution of silver triflate (0.03012 g, 0.1172 mmol) in THF (5 mL). The
mixture was stirred for 12 h. to give a white precipitate which was collected, washed with
pentane (3 x 5 mL) and ether (3 x 5 mL) and dried under high vacuum. Yield: 0.061 g (94.4 %).
NMR in CD3OD: (1H) = 7.90 [s, 2H, NH]; 7.45 - 7.72 [m, 24H, Ph and C6H4]; 3.70 [m, 4H,
CH2N]; 2.76 [m, 4H, CH2P]; δ(31P) (at 25˚C) = 5.78; δ (31P) (at -100˚C) = 4.56 1J (109AgP) = 803
Hz. Anal. Calcd. for C38H34Ag2F6N2O8P2S2: C, 41.40; H, 3.11; N, 2.54 %. Found: C, 41.31; H,
3.15; N, 2.79 %. Single crystals of complex 3 were grown by slow diffusion of n-pentane into a
solution of the compound dissolved in a mixture of solvents; dichloromethane, chloroform,
methanol and acetone.
1,4-C6H4(CONHCH2CH2PPh2O)2, 4.
A solution of dppeta (0.1 g) in CHCl3 (1 mL) was allowed to stand for 4 days in air. Single
crystals of 4 were obtained by slow diffusion of n-pentane into the solution. NMR in CDCl3:
δ(1H) = 7.86 [br, 2H, NH]; 7.34 - 7.78 [m, 24H, Ph and C6H4]; 3.86 [m, 4H, CH2N]; 2.65 [m,
4H, CH2P]; δ (31P) = 33.77 [s]. Anal. Calcd. for C36H34N2O4P2: C, 69.67; H, 5.52; N, 4.51.
Found: C, 69.93; H, 5.68; N, 4.77 %.
X-ray Structure Determination: X-ray data were obtained and solutions were determined by
both Ms. A. Borecki and Dr. Benjamin Cooper in this chapter. Suitable crystals were mounted on
a glass fibre and data was collected at low temperature (- 123 ˚C) on a Bruker Apex II CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 4.1: Crystallographic data for complex dppeta
Empirical Formula

C36 H34 N2 O2 P2

Formula Weight

588.59

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 13.759(2) Å

α = 90°

b = 9.2339(14) Å

β = 100.830(4)°

c = 12.446(2) Å

γ = 90°

Volume

1553.2(4) Å3

Z

2

Density (calculated)

1.259 mg/m3

Absorption Coefficient (µ)

0.175 mm-1

Crystal Size

0.03 x 0.05 x 0.11 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.029

Final R indicies [I>2σ(I)]

R1= 0.0615, wR2 = 0.1322

R indicies (all data)

R1 =0.0754, wR2 = 0.1415
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Table 4.2: Crystallographic data for complex 1.(CH3)2SO
Empirical Formula

C38 H40 Au2 Cl2 N2 O3 P2 S

Formula Weight

1131.55

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 8.9376(4) Å

α = 92.454(2)°

b = 11.0050(4) Å

β = 99.465(2)°

c = 20.1043(8) Å

γ = 94.712(2)°

Volume

1940.72(14) Å3

Z

2

Density (calculated)

1.936 mg/m3

Absorption Coefficient (µ)

7.864 mm-1

Crystal Size

0.03 x 0.03 x 0.07 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.001

Final R indicies [I>2σ(I)]

R1= 0.0433, wR2 = 0.0806

R indicies (all data)

R1 = 0.0573, wR2 = 0.0956
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Table 4.3: Crystallographic data for complex (0.5)2
Empirical Formula

C20 H17 Ag F3 N O3 P

Formula Weight

515.19

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 9.5496(11) Å

α = 111.780(3)°

b = 11.4242(13) Å

β = 105.439(2)°

c = 12.1520(13) Å

γ = 93.347(3)°

Volume

1168.2 Å3

Z

2

Density (calculated)

1.465 mg/m3

Absorption Coefficient (µ)

0.973 mm-1

Crystal Size

0.021 x 0.034 x 0.081 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

0.928

Final R indicies [I>2σ(I)]

R1= 0.0403, wR2 = 0.0766

R indicies (all data)

R1 = 0.0541, wR2 = 0.0816
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Table 4.4: Crystallographic data for complex 3.(2)H2O
Empirical Formula

C38 H38 Ag2 F6 N2 O10 P2 S2

Formula Weight

1136.49

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

Pbca

Unit Cell Dimensions

a = 8.0763(2) Å

α = 90°

b = 19.9989(4) Å

β = 90°

c = 27.3020(6) Å

γ = 90°

Volume

4409.74(17) Å3

Z

4

Density (calculated)

1.712 mg/m3

Absorption Coefficient (µ)

1.137 mm-1

Crystal Size

0.10 x 0.16 x 0.25 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.033

Final R indicies [I>2σ(I)]

R1= 0.0536, wR2 = 0.1287

R indicies (all data)

R1 = 0.0687, wR2 = 0.1332
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Table 4.5: Crystallographic data for complex 4.(4)CHCl3
Empirical Formula

C40 H38 Cl12 N2 O4 P2

Formula Weight

1098.06

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 8.5642(10) Å

α = 109.464(4)°

b = 12.1117(15) Å

β = 101.095(4)°

c = 14.031(2) Å

γ = 105.262(3)°

Volume

1259.5(3) Å3

Z

1

Density (calculated)

1.448 mg/m3

Absorption Coefficient (µ)

0.763 mm-1

Crystal Size

0.03 x 0.10 x 0.40 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.060

Final R indicies [I>2σ(I)]

R1= 0.0950, wR2 = 0.2290

R indicies (all data)

R1 = 0.1382, wR2 = 0.2587
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Chapter 5

A versatile diphosphine ligand: cis and trans chelation or
bridging, with self association through hydrogen
bonding

A version of this chapter has been published; Nasser, N.; Borecki, A.; Boyle, P. D.; Puddephatt,
R. J. Inorg. Chem., 2013, 52, 7051.
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5.1

Introduction
Diphosphines have played a critical role in the development of coordination chemistry

and its applications. They can be designed to act as cis or trans chelate ligands or as bridging
ligands, they may contain additional functional groups such as hydrogen bonding groups or
nitrogen donor groups, and they bind strongly to softer metal ions in a wide range of oxidation
states.1,2 Diphosphine-carboxamides in particular have been termed “the inconspicuous gems”
and their metal complexes have found roles in catalysis and as potential pharmaceuticals.3,4 We
have been interested in developing the chemistry of diphosphine-dicarboxamides for use in
molecular materials.5 The strategy is to use dynamic coordination chemistry6 or dynamic ringopening polymerization,7 using the phosphine donor groups, to prepare the primary structure, and
then to use the carboxamide groups to increase the dimensionality or to engage in host-guest
chemistry.8

This

chapter

reports

a

new

diphosphine

ligand,

N,N’-bis(2-

diphenylphosphinoethyl)isophthalamide, dpipa (Chart 5.1), and its complexes with gold(I) and
platinum(II). The ligand can be considered as analogous to the previously studied ligands shown
in Chart 5.1, namely dppbH, which tends to form cis or trans chelate complexes,9 and dppeta,
which tends to act as a bridging ligand.5 The new ligand dpipa can adopt any of these binding
modes and so promises a particularly rich coordination and supramolecular chemistry.
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Chart 5.1. Some diphosphine-dicarboxamide ligands.
5.2

Results and discussion
The new ligand N,N’-bis(2-diphenylphosphinoethyl)isophthalamide, dpipa, was prepared

by reaction of isophthaloyl dichloride with 2-(diphenylphosphino)ethylamine in the presence of
base (Scheme 5.1). It was isolated, after flash chromatography, as a white solid. The ligand
dpipa was characterized in the 1H NMR spectrum, by well separated NH, CH2N and CH2P
resonances at δ 6.35, 3.65 and 2.44 respectively, and, in the 31P NMR spectrum, by a singlet at δ
-21.05.

Scheme 5.1. Synthesis of the ligand dpipa.
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The reaction of dpipa with [AuCl(SMe2)] in a 1:1 ratio gave complex 1, which appears to
exist in solution as a mixture of the monomer 1a and dimer 1b, as shown in Scheme 5.2.

Scheme 5.2. Proposed equilibrium between complexes 1a and 1b.
The equilibrium was most easily monitored by recording the

31

P NMR spectrum in

CDCl3 at different concentrations, as shown in Figure 5.1. At low concentration, the complex
was present almost entirely as the monomer 1a, but at higher concentrations the dimer 1b was
also observed. The monomer 1a gave a singlet at δ(31P) 31.85 while dimer 1b gave a singlet at
δ(31P) 34.24. The electrospray ionization mass spectrometry (ESI-MS) of complex 1 dissolved
in dichloromethane gave two major peaks; one at m/z = 1605.3, which corresponds to the ion
[Au2(µ-dpipa)2]Cl +, formed by loss of one chloride ion from 1b, and another at m/z = 785.2,
which corresponds to the ion [Au(dpipa)]+, formed by loss of chloride from 1a. The data
indicate that 1b is favored by enthalpy and 1a by entropy effects.
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Figure 5.1. The 31P NMR spectrum of complex 1 as a function of concentration in CDCl3 (0.5
mL): (a) 10 mg; (b) 50 mg; (c) 100 mg.
Recrystallization of complex 1 from dichloromethane gave single crystals of complex 1b,
whose structure is shown in Figure 5.2. The stereochemistry at gold is roughly linear, with P(1)Au(1)-P(2A) 174.82(4)o, and the distance Au(1)...Cl(A) 3.398(2) is too long to represent a goldchloride covalent bond. This suggests the formulation [Au2(µ-dpipa)2]Cl2 for 1b. The chloride
ions are hydrogen bonded to the NH protons of dpipa ligand, with Cl...N(2) 3.341(4) and Cl...N(1)
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3.377(5) Å, which is a common motif for anion binding by isophththalamide derivatives.7a The
positions of the chloride ions, with angles Cl(A)-Au(1)-P(2A) 86.50(3) and Cl(A)-Au(1)-P(1)
90.18(3)˚, suggest there may be a weak AuCl interaction but this is likely to be mostly ionic in
character. The gold centers are separated by 9.00 Å. We have not been able to crystallize
complex 1a, and the structure proposed in Scheme 5.2 is therefore less certain. In addition, it is
noted that for 1b to give a singlet resonance in the

31

P NMR spectrum the complex must be

fluxional.
The reaction of cis/trans-[PtCl2(SMe2)2] with dpipa occurred with displacement of
dimethylsulfide to give complex 2, which existed in solution as a mixture of the monomer cis[PtCl2(dpipa)], 2a, and dimer cis,cis-[Pt2Cl4(µ-dpipa)2], 2b (Scheme 5.3). As with complex 1,
the relative concentrations of 2a and 2b were concentration dependent, with 2b favored at higher
concentrations. For example, in the

31

P NMR spectrum, 2a gave δ(31P) 1.27, with coupling

constant 1JPtP = 3608 Hz, while 2b gave δ(31P) 1.58, 1JPtP = 3600 Hz. The magnitudes of the
values of 1JPtP indicate the stereochemistry with phosphorus trans to chloride in each case.11,12
The cis,cis stereochemistry of complex 2b was confirmed crystallographically, and the structure
is shown in Figure 5.3.
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Figure 5.2. View of the structure of complex 1b. Selected bond parameters:
Au(1)-P(1) 2.308(1), Au(1)-P(2A) 2.313(1), Au(1)...Cl(A) 3.398(2), Cl...N(2) 3.341(4), Cl...N(1)
3.377(5) Å; P(1)-Au(1)-P(2A) 174.82(4), Cl(A)-Au(1)-P(2A) 86.50(3), Cl(A)-Au(1)-P(1)
90.18(3)˚. Symmetry equivalent: A, 1-x, 1-y, -z.
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Scheme 5.3. The dichloroplatinum(II) complexes 2a and 2b.
The structure of complex 2b contains a center of symmetry and the ligand is in a
stretched conformation, with the distance between the platinum atoms being 14.28 Å, compared
to the AuAu distance in 1b of 9.00 Å (Figure 5.2). Another difference between the structures of
1b and 2b is the conformation of the phthalamide units, which tend to have roughly coplanar
C6H4(CONH)2 units.

In 1b the symmetrical conformation, which we label the exo,exo

conformation, is present with torsion angles OCCC = 169 and 172o (Figure 5.2, the terminal
carbon is the C2 atom of the 1,3-phthalamide unit), but in 2b (Figure 5.3) the unsymmetrical
endo,exo conformation is present with corresponding torsion angles of 8 and 149o.

The

molecules of complex 2b undergo self association through complementary NH...Cl hydrogen
bonding to give a supramolecular polymer, as shown in Figure 5.4.
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Figure 5.3. A view of the structure of complex 2b. Selected bond parameters: Pt(1)-Cl(1)
2.389(1), Pt(1)-Cl(2) 2.381(1), Pt(1)-P(2)= 2.284(1), Pt(1)-P(1)=2.283(1) Å; Cl(1)-Pt(1)-Cl(2)
87.36(4), P(2)-Pt(1)-P(1) 99.80(4) ˚. Symmetry equivalent: A, 1-x, 2-y, -z.
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Figure 5.4. The supramolecular polymeric structure of complex 2b, formed by intermolecular
NH...Cl hydrogen bonding. Only the ipso carbon atoms of the phenyl groups are shown, for
clarity. Hydrogen bond distance: N(1)…Cl(1B) 3.38(1) Å.
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Complex 3 was prepared by displacement of the Me2S ligands from [Pt2Me4(µ-SMe2)2]
by the ligand dpipa, and was shown to exist as a mixture of the monomer cis-[PtMe2(dpipa)], 3a,
and dimer cis,cis-[Pt2Me4(µ-dpipa)2], 3b, illustrated in Scheme 5.4. The NMR spectra of 3 were
broad and contained minor resonances, perhaps suggesting the presence of minor amounts of
other isomers or slowly equilibrating conformers. However, the major isomers were clearly
identified. In the
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P NMR spectrum (Figure 5.5), the monomer 3a gave a sharp singlet at δ

11.23, 1JPtP = 1815 Hz, while dimer 3b gave a broad singlet at δ 10.89, 1JPtP = 1800 Hz. The
magnitudes of the coupling constants indicate that, in each case, the phosphorus atoms are trans
to the methyl groups.11,13 The ESI-MS of complex 3 in dichloromethane, in the presence of
NaCl to aid ionization, gave two major peaks; one at m/z = 1649.4, which corresponds to
[Pt2Me4(µ-dpipa)2]Na+ and one m/z = 836.2 which corresponds to [PtMe2(dpipa)]Na+.
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Scheme 5.4. The equilibrium between dimethylplatinum(II) complexes 3a and 3b.
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Figure 5.5. The 31P NMR spectra of complex 3 at different concentrations in CDCl3 (0.5 mL),
illustrating the equilibrium between 3a and 3b: below, 10 mg 3; above, 100 mg 3.
Fortunately, we were able to grow single crystals of both 3a and 3b to confirm the
structures. The molecular structure of the monomer 3a is shown in Figure 5.6. It confirms the
expected cis square planar stereochemistry at platinum(II), though with the PPtP bond angle at
101.27(4)o significantly distorted from the ideal 90o.

An interesting feature of the structure in

Figure 5.6 is that the C(O)NH groups are significantly twisted out of the plane of the C6H4
group, in such a way as to give a short intramolecular Pt...HN contact, with Pt...H(1) ca. 2.63 Å,
indicative of the electron rich dimethylplatinum(II) center acting as a hydrogen bond acceptor.15
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The molecules of complex 3a self-associate to form a hydrogen bonded dimer, as shown in
Figure 5.6. The individual molecules are related by a center of inversion.
The dimer 3b in the solid state adopts a highly twisted structure (conformation 3b` in
Scheme 5.4) as shown in Figures 5.7 and 5.8. There are two independent molecules in the unit
cell, but they have similar structures and only one is shown in Figure 5.7. Each isophthalamide
unit adopts the exo,endo conformation observed previously in 2b, but the overall conformation
of each molecule of 3b` is helical and quite different from that in 2b (Figure 5.3). There is close
to a 180o twist in each molecule, as indicated by the typical torsion angle P(1)-Pt(1)-Pt(2)-P(4) of
169o.

The lattice contains equal numbers of molecules of 3b` in the P and M helical

conformations, related by an inversion center, but individual molecules have no
crystallographically imposed symmetry (Figure 5.7). There is a short NH…Pt contact for each
dimethylplatinum(II) center (Figure 5.8) and this hydrogen bond, which is similar to that
observed in the monomer 3a, appears to control the unusual conformation of the complex. There
is no such NH...Pt hydrogen bond in complex 2b, which contains less nucleophilic
dichloroplatinum(II) centers. In each independent pair of dimers, four of the NH groups are
directed inwards, and these are involved in the intramolecular NH...Pt hydrogen bonds, while
four are directed outwards and form intermolecular NH...O=C hydrogen bonds to the neighboring
dimer. This gives rise to a dimer of dimers structure (Figure 5.8).
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Figure 5.6. A view of the structure of complex 3a, including the intra- and inter-molecular
hydrogen bonding. Selected bond parameters: Pt(1)-C(37) 2.100(4), Pt(1)-C(38) 2.101(4), Pt(1)P(1) 2.309(1), Pt(1)-P(2) 2.319(1), Pt(1)…N(1) 3.461(4) Å; P(1)-Pt(1)-P(2) 101.27(4), C(37)Pt(1)-C(38) 81.5(2)˚. Hydrogen bond distance: O(1)...N(2A) 2.918(5) Å. Torsion : O(1)-C(3)C(4)-C(24) 148.0(6), O(2)-C(9)-C(8)-C(24) 144.6(6)˚. Only the ipso carbon atom of the phenyl
groups is shown. Symmetry equivalent: A, 1-x, 1-y, 2-z.
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Figure 5.7. View of the structure of complex 3b. Selected bond parameters: Pt(1)-P(1) 2.318(2),
Pt(1)-P(2) 2.296(3), Pt(2)-P(3) 2.321(2), Pt(2)-P(4) 2.301(2) Å; P(2)-Pt(1)-P(1) 98.53(8), C(14)Pt(1)-C(13) 82.0(3), C(51)-Pt(2)-C(52) 84.6(3)˚. Representative torsion angles: O(1)-C(29)C(30)-C(35) 153.7, O(2)-C(36)-C(34)-C(35) 24.6˚.
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Figure 5.8. The dimer of dimers formed by hydrogen bonding in complex 3b. Hydrogen bond
distances: N(1)...O(5) 2.784(8), O(4)...N(6) 2.770(8), N(3)...O(7) 2.803(9), O(2)...N(8) 2.759(8),
Pt(1)...N(4) 3.348(5), Pt(2)...N(2) 3.334(5), Pt(3)...N(5) 3.304(5), Pt(4)...N(7) 3.371(5) Å. The
phenyl groups have been omitted for clarity.
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The twisted structures observed for 3a and 3b should give more complex NMR spectra
than those observed (Figure 5.5), which suggest that the complexes have effective mirror
symmetry in solution.

For complex 3a, a relatively simple twisting motion is required to

exchange the Pt...HN hydrogen bond between the N(1)H and N(2)H donors, as indicated in
Scheme 5.4, leading to effective Cs symmetry. However, if the conformation of the dimer 3b` is
retained in solution, the P and M conformers would need to interchange rapidly in order to give a
single
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P NMR resonance, and this would require passing through a symmetrical intermediate

such as 3b in Scheme 5.4. To study the potential dynamic exchange, a variable temperature
NMR study was carried out, with interesting results. Figure 5.9 shows the 31P NMR spectra as a
function of temperature. As the temperature decreases, the singlet resonances for the monomer
3a and dimer 3b broaden, but they do not split to give separate resonances at the lowest
temperature studied (-80oC). However, two new resonances (labeled X and Y in Figure 5.9)
appear and grow in intensity as the temperature is decreased. The parameters [δ(PX) 11.6, 1JPtP =
1920 Hz, 2JPP = 15 Hz, and δ(PY) 8.4, 1JPtP = 1590 Hz, 2JPP = 15 Hz] indicate an unsymmetrical
arrangement cis-(PtMe2PXPY) as expected for the twisted structure 3b`.

The most likely

explanation of this observation is that the dimer is present in solution at room temperature mostly
as a more symmetrical conformer (3b in Scheme 5.4), or a conformer (such as one analogous to
that in the dichloroplatinum(II) derivative 2b) which can very easily equilibrate with 3b. The
rigid twisted structure 3b`, which is likely to be disfavored by entropy effects, increases in
concentration at lower temperatures but equilibrates only relatively slowly on the NMR time
scale with the more symmetrical conformer 3b.

The low temperature 1H NMR spectra are

consistent with this interpretation. At -20oC, two new methylplatinum resonances [δ(MeX) 0.67,
2

JPtH = 64 Hz, 3JPH = 6 Hz; δ(MeY) 0.20, 2JPtH = 68 Hz, 3JPH = 8 Hz] and two new NH resonances
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[δ(NHX) 10.13; δ(NHY) 9.32] appear and are assigned to 3b`. The resonance at δ(NHX) 10.13 is
tentatively assigned as the hydrogen bonded Pt...HN group in 3b`, based on the downfield
chemical shift, but no coupling to 195Pt was resolved.15
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Figure 5.9. Variable temperature 31P NMR spectra (243 MHz) of complex 3 in CD2Cl2 solution:
(a) 25oC; (b) 0oC; (c) -20oC.
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The reaction of complex 3 with methyl iodide gave a new platinum(II) complex trans[PtIMe(dpipa)], 4 (Scheme 5.5).

In the 1H NMR spectrum, complex 4 gave a triplet

methylplatinum resonance at δ 0.15, with 3JPH = 7 Hz and with 2JPtH = 80 Hz, and in the
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P

NMR spectrum it gave a singlet at δ(31P) = 16.12, with 1JPtP = 2946 Hz. The magnitude of 1JPtP
suggests the presence of mutually trans phosphine donors.11,14 The ESI-MS of complex 4 in
dichloromethane, with NaCl present, gave a major peak at m/z = 948.1, which corresponds to the
ion [PtIMe(dpipa)]Na+. Some possible routes to complex 4 by oxidative addition of methyl
iodide followed by reductive elimination of ethane are shown in Scheme 5.5.

Scheme 5.5. Possible routes to complex 4. P-P represents the dpipa ligand.
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The structure of complex 4 is shown in Figure 5.10. It shows that the ligand dpipa is
acting as a trans chelate ligand. The carboxamide groups are in the exo,exo conformation, which
allows formation of two NH...I hydrogen bonds.

The complex crystallized with a water

molecule, which bridges between monomeric units of complex 4 by hydrogen bonding, to form a
supramolecular dimer.

Figure 5.10. A view of the structure of complex 4. Selected bond parameters: Pt(1)-C(1)
2.093(5), Pt(1)-I(1) 2.7035(5), Pt(1)-P(1) 2.296(2), Pt(1)-P(2) 2.309(2) Å; P(1)-Pt(1)-I(1)
94.38(4), P(2)-Pt(1)-I(1) 93.29(4), P(2)-Pt(1)-C(1) 85.1(2), C(1)-Pt(1)-P(1) 86.4(2)˚. Hydrogen
bond distances: N(1)...I(1) 3.699(5), N(2)...I(1) 3.703(5), O(2)...O(1S) 2.953(8), O(1)...O(1S)=
2.913(8) Å.
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The slow reaction of the mixture of isomers 3a/3b with excess methyl iodide was
monitored by 31P NMR spectroscopy in CDCl3 solution (Figure 5.11). After 30 minutes, about
60% of the reagent had reacted and three major new singlet resonances were observed, namely a
sharp resonance at δ -25.46, 1JPtP = 996 Hz, tentatively assigned to the monomer A (Scheme 5.5),
and two broader resonances at δ -25.96, 1JPtP = 1060 Hz, and δ -26.66, 1JPtP = 974 Hz,
tentatively assigned to the syn and anti dimers B, C. After 2 hours, a new unassigned resonance
was observed at δ -23.59, 1JPtP = 1119 Hz, and the first appearance of the resonance for complex
4. After 2 days, the reaction was complete and complex 4 was formed almost quantitatively.
The singlet resonances in the region δ -23 to -27, with coupling constants 1JPtP in the range 974 –
1119 Hz, are characteristic of complexes with the fac-[PtIMe3P2] stereochemistry.11,16 The
reductive elimination of ethane from complexes A – C is likely to occur by partial dissociation of
a dpipa ligand and a common 5-coordinate intermediate [PtIMe3(κ1-dpipa)] could be formed,
which then gives ethane and a shortlived 3-coordinate [PtIMe(κ1-dpipa)], which would then give
trans-[PtIMe(κ2-dpipa)], 4.17

None of the possible cis isomer, which should contain non-

equivalent phosphorus atoms and hence give a pair of doublets in the
observed at any stage of the reaction (Figure 5.11).
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P NMR spectra for the reaction of 3a, 3b with excess MeI in CDCl3: (a) before

addition of MeI; (b) after 30 min.; (c) after 2 h.; (d) after 24 h.; (e) After 2 days.
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The chemistry of complexes 3a/3b with bromine is depicted in Scheme 5.6. The reaction
was expected to give complexes 5a and 5b by trans oxidative addition of bromine to 3a and 3b
respectively, but, although a reaction occurred rapidly using several different stoichiometries, it
proved difficult to characterize the product.

18

Eventually, crystals of a product, formed using

about 4-fold excess of bromine, were grown from a complex mixture of solvents and the
resulting structure is shown in Figure 5.12.

Scheme 5.6. A possible route to complexes 5, 6, 7 (and possibly 8) (PP = dpipa).
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There are several surprising features of the structure in Figure 5.12. Most obviously, the
product is a diplatinum complex with trans-PtP2 stereochemistry at each octahedral platinum(IV)
center, whereas both monomeric 3a and dimeric 3b starting materials contained the cis-PtP2
stereochemistry. Each platinum center contains four anionic ligands, of which two refined well
as bromide ions. However, the other two, labeled C(1X) and C(2X) in Figure 5.12, could only
be refined as disordered CH3/Br units with occupancies of Br:C 29:71 and 25:75 in the two sites.
This leads to a formula [Pt2Br5.08Me2.92(dpipa)2], approximating to [Pt2Br5Me3(dpipa)2], thus
suggesting that about equal numbers of the platinum(IV) centers have [PtBr2Me2P2] and
[PtBr3MeP2] coordination. This might suggest complex 7, with intramolecular disorder of the
PtBr2Me2 and PtBr3Me groups, but it is also consistent with a disordered mixture of complexes
[Pt2Br4Me4(dpipa)2], 6, [Pt2Br5Me3(dpipa)2], 7, and [Pt2Br6Me2(dpipa)2], 8 (Scheme 5.6).

The

two halves of the molecule in Figure 5.12 are related by a center of symmetry and the two
platinum atoms are separated by 12.0 Å. The isophthalamide units adopt a distorted exo,endo
conformation. The NH groups are not involved in hydrogen bonding to either the carbonyl
groups or bromide ligands, but may hydrogen bond to solvent molecules which could not be
identified and refined.
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Figure 5.12. A view of the structure of complex 7, showing only the carbon atoms C(1X) and
C(2X) of the disordered Me/Br groups. Selected bond parameters: Pt(1)-Br(1) 2.557(1), Pt(1)Br(2) 2.589(1), Pt(1)-P(1) = 2.384(3), Pt(1)-P(2) 2.373(2) Å; Br(1)-Pt(1)-Br(2) 91.08(4), P(1)Pt(1)-P(2) = 177.54(8)˚. Symmetry equivalent: A, 1-x, 1-y, -z.
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If the reaction of 3a/3b with bromine was carried out in dichloromethane solution, much
of the product precipitated as an orange solid. Recrystallization of this solid gave the single
crystals, from which the structure was determined. The 1H NMR spectrum of this initial orange
complex in DMSO-d6 contains broad peaks, probably due to restricted rotations, but clearly
indicates that the product contains a mixture of complexes 6 and 7 in about a 3:1 ratio. The
symmetrical complex 6 gives a single methylplatinum resonance [δ(1H) 0.55, 2JPtH = 65 Hz] and
a single set of resonances for the NHCH2CH2P protons, whereas the unsymmetrical complex 7
gave two sets of resonances for the NHCH2CH2P protons, and two methylplatinum resonances
[δ(1H) 1.08, 2JPtH = 68 Hz, for the PtMeBr3 group and 0.59, 2JPtH = 65 Hz, for the PtMe2Br2
group], with the PtMeBr3 resonance shifted to higher δ, as expected from comparison with
related complexes.18 The surprising feature was that the 31P NMR spectrum contained only one
resolved resonance at δ(31P) = -5.59, 1JPtP = 2050 Hz, whereas three resonances are expected for a
mixture of 6 and 7. The ESI-MS of the sample, as a dilute solution in dichloromethane with
NaCl added to promote ionization, gave peaks, with masses reported for the

195

Pt,79Br

isotopomer, at m/z = 994.0, 1965.1 and 2029.0 which correspond to the ions
[PtBr2Me2(dpipa)]Na+, [Pt2Br4Me4(µ-dpipa)2]Na+, and [Pt2Br5Me3(µ-dpipa)2]Na+, respectively.
It is likely that the ion [PtBr2Me2(dpipa)]Na+ arises from fragmentation of 6, because there was
no evidence for the monomeric complex in either the 1H or
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P NMR spectra. The combined

spectra support the assignment of the initial orange product as a mixture of complexes 6 and 7.
In order to gain further insight, the reaction of 3a/3b with bromine was carried out in
both CDCl3 and DMSO-d6, with monitoring by 1H and

31

P NMR spectroscopy at room

temperature. In CDCl3, some orange precipitate formed even at room temperature and low
temperature experiments were not possible because of the limited solubility of the complexes.
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Immediately after addition of bromine, a methylplatinum resonance was observed at δ 0.68, 2JPtH
= 64 Hz, with second order (A3A`3XX`) appearance expected for a cis-PtMe2P2 grouping, as
expected in complexes 5a,5b .13,16,19 Over a period of about an hour, this resonance was replaced
by a triplet resonance assigned to complex 6, with weaker resonances due to 7. A resonance for
methyl bromide [δ 2.69] grew during this period, but no further growth in the resonance
occurred. The 31P NMR spectrum at intermediate stages contained a resonance at δ -13.6, 1JPtP =
1585 Hz, assigned to 5a,5b, and two closely spaced resonances at δ -4.8 and -5.1, each with 1JPtP
= 2050 Hz, assigned to 6 and 7 respectively. Three peaks are expected for a mixture of 6 and 7
and so two are presumed to overlap. Better
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P NMR spectra were obtained in DMSO-d6

solution, as illustrated in Figure 5.13, because the solubility was improved. Immediately after
addition of bromine, the resonances of 3a,3b disappeared and resonances assigned to 5a,5b [δ 11.1, 1JPtP = 1585 Hz] and 6,7 [δ -5.59, 1JPtP = 2050 Hz] were observed. Over time, the resonance
for 5a,5b decayed and the resonance for 6,7 (again with accidental degeneracy of the chemical
shifts) increased in intensity.
Once formed, the complexes 6 and 7 were unreactive to bromine, so it is likely that the
formation of methyl bromide occurs at an early stage.

One possibility is that there is a

competition between isomerisation of 5 to 6 and reductive elimination of methyl bromide from 5
followed by further reaction with bromine to give 7 (Scheme 5.6), but there may be other
potential routes.
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Figure 5.13. P NMR spectra for the reaction of complexes 3a and 3b in DMSO-d6 with Br2: (a)
before the addition of Br2; (b) after 3 h.; (c) after 4 days.
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5.3

Conclusions
The new diphosphine-dicarboxamide ligand dpipa is shown to be remarkably versatile in

its coordination chemistry, with the carboxamide groups playing an important role in several
cases. Ligand dpipa can act as a trans chelate ligand in the complex trans-[PtIMe(dpipa)], 4, and
probably in the gold complex [Au(dpipa)]Cl, 1a.

In complex 4, and probably in 1a, the

carboxamide groups are hydrogen bonded to the halide ligand or anion. The ligand acts as a cis
chelate ligand in the complexes cis-[PtCl2(dpipa)], 2a, and cis-[PtMe2(dpipa)], 3a. In complex
3a the carboxamide groups are bifunctional, forming an intramolecular NH...Pt hydrogen bond
and taking part in intermolecular NH...O=C hydrogen bonding to form supramolecular dimers.
The trans,trans bridging mode of binding is found in the gold(I) complex [Au2(µ-dpipa)2]Cl2,
1b, and the platinum(IV) complexes [Pt2Br4Me4(µ-dpipa)2], 6, and [Pt2Br5Me3(µ-dpipa)2], 7.
Figures 5.2 and 5.12 illustrate how the flexible dpipa ligand adapts to accommodate the 2coordinate gold(I) center or the more sterically demanding octahedral platinum(IV) center. The
cis,cis bridging mode of binding is found in the platinum(II) complexes [Pt2Cl4(µ-dpipa)2], 2b,
and [Pt2Me4(µ-dpipa)2], 3b, and in the intermediate platinum(IV) complex [Pt2Br4Me4(µdpipa)2], 5b. Complex 3b` adopts a more twisted conformation than 2b, apparently in order to
allow formation of intramolecular NH...Pt hydrogen bonds, and the carboxamide groups in both
complexes also take part in intermolecular NH...O=C hydrogen bonding.
Several of the complexes exhibit facile monomer-dimer isomerisation. In one case, it
was possible to determine the structures of both of the isomers, monomer 3a and dimer 3b. In
other cases, the equilibria between 1a, 1b or 2a, 2b could be studied by NMR spectroscopy and
so clearly established. The ability to form such facile monomer-dimer isomerisation when the
stereochemistry at the metal is either cis or trans appears to be unique to the ligand dpipa. Often
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chelate complexes are relatively inert, but the very large ring sizes formed by chelating or
bridging dpipa (14- or 28-membered rings respectively) evidently confer little kinetic inertness
or thermodynamic stability towards reversible dissociation of the metal-phosphorus bonds.
Facile monomer-dimer equilibria are more commonly observed for short chain diphosphine
ligands such as bis(diphenylphosphino)methane, dppm, for which the 4-membered chelate is
strained. For example, there is a facile equilibrium between [PtMe2(dppm)] and [Pt2Me4(µdppm)2].13 There is potential for applications of the ligand dpipa in catalysis or host-guest
chemistry based on its unique coordination chemistry.
5.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and
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P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario.
1,3-(CONHCH2CH2PPh2)2(C6H4), dpipa.
To a solution of 2-(diphenylphosphino)ethylamine (4.0 g, 17.44 mmol) and triethylamine (10
mL) in CHCl3 (20 mL) was added dropwise a solution of isophthaloyl dichloride (1.771 g, 8.723
mmol) in CH2Cl2 (20 mL). After stirring for 12 h., the reaction mixture was washed with water
(3 x 10 mL), the organic layer was separated, dried over MgSO4, then filtered, and the solvent
was evaporated under vacuum to give an oily product. The product was purified by flash
chromatography using 70:30 ethyl acetate and hexane as eluent. The solvent was evaporated to
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give dpipa as a white solid, which was dried under vacuum. Yield: 4.5g, 88%. NMR in CDCl3:
δ(1H) = 7.95 [s, 1H, C6H4]; 7.72 [dd, 2H, 3JHH = 8, 4JHH = 2 Hz, C6H4]; 7.26 – 7.5 [m, 21H, Ph
and C6H4]; 6.35 [br, 2H, NH]; 3.65 [m, 4H, CH2N]; 2.44 [t, 4H, 3JHH = 7 Hz, CH2P]; δ (31P) =
-21.05 [s]. Anal. Calcd. for C36H34N2O2P2: C, 73.46; H, 5.82; N, 4.76. Found: C, 73.44; H, 5.89;
N, 4.74 %.
[Au(dpipa)]Cl, 1a, and [Au2(µ
µ-dpipa)2]Cl2, 1b.
A solution of [AuCl(SMe2)] (0.05 g, 0.1697 mmol) in CH2Cl2 (5 mL) was added to a stirring
solution of dpipa (0.099 g, 0.1697 mmol) in CH2Cl2 (10 mL). The resulting solution was allowed
to stir overnight, then the solvent was evaporated under vacuum to give the product as a white
solid, which was collected, washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried
under high vacuum. Yield: 0.1 g, 72%. NMR in CDCl3: 1a, δ(1H) = 9.35 [m, 2H, NH]; 9.12 [s, 1
H, C6H4]; 7.95 [dd, 2H, 3JHH = 7, 4JHH = 2, C6H4]; 7.30 - 7.71 [m, 21H, Ph and C6H4]; 3.82 [br,
2H, NCH2CH2P]; 3.44 - 3.68 [m, 4H, NCH2CH2P ]; 2.96 [br, 2H, NCH2CH2P]; δ (31P) =
31.85[s]; 1b, δ(1H) = 9.18 [m, 4H, NH]; 8.78 [s, 2H, C6H4]; 8.02 [dd, 4H, 3JHH = 8, 4JHH = 2 Hz,
C6H4]; 7.30 - 7.87 [m, 42H, Ph and C6H4]; 3.82 [br, 8H, NCH2]; 3.26 [br, 8H, CH2P]; δ(31P) =
34.24 [s]. Anal. Calcd. for C72H68Au2Cl2N4O4P4: C, 52.66; H, 4.17; N, 3.41 %. Found: C, 52.59;
H, 4.12; N, 3.30 %. Single crystals of complex 1b were grown by slow diffusion of n-pentane
into a solution of the compound 1a/1b dissolved in dichloromethane.
[PtCl2(dpipa)], 2a, and [Pt2Cl4(µ
µ-dpipa)2], 2b.
To a solution of dpipa (0.10 g, 0.17 mmol) in CH2Cl2 (10 mL) was added cis/trans[PtCl2(SMe2)2] (0.0612 g, 0.170 mmol) in CH2Cl2 (10 mL). A white precipitate was formed
immediately. After allowing the reaction contents to stir for 6 h., the solvent was decanted and
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the white solid was washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried under
high vacuum. Yield: 0.12 g, 83%. NMR in DMSO-d6: 2a, δ(1H) = 8.99 [m, 2H, NH]; 8.49 [s,
1H, C6H4]; 8.03 [d, 2H, 3JHH = 8 Hz, C6H4]; 7.19 - 7.68 [m, 21H, Ph and C6H4]; 3.61 [br, 4H,
NCH2]; 2.62 [br, 4H, CH2P]; δ(31P) = 1.27 [s, 1JPtP = 3608 Hz]. 2b, δ(1H) = 8.82 [m, 4H, NH];
8.33 [s, 2H, C6H4]; 7.94 [d, 4H, 3JHH = 8 Hz, C6H4]; 7.22 - 7.68 [m, 42H, Ph and C6H4]; 3.61 [br,
8H, NCH2]; 2.62 [br, 8H, CH2P]; δ(31P) = 1.58 [s, 1JPtP = 3600 Hz].

Anal. Calcd. for

C72H68Cl4N4O4P4Pt2: C, 50.60; H, 4.01; N, 3.28 %. Found: C, 50.40; H, 3.97; N, 3.15 %. Single
crystals of complex 2b were grown by slow diffusion of n-pentane into a solution of 2a/2b
dissolved in a mixture of equal volumes of benzene, DMSO, MeOH, acetone, CH2Cl2 and
CHCl3.
[PtMe2(dpipa)], 3a, and [Pt2Me4(µ-dpipa)2], 3b.
To a solution of dpipa (0.10 g, 0.17 mmol) in CH2Cl2 (10 mL) was added a solution of
[Pt2Me4(µ-SMe2)2] (0.0488 g, 0.0849 mmol) in CH2Cl2 (10 mL). The solution was allowed to
stir for 12 h., and the solvent was removed under vacuum to give a white solid product, which
was washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried under high vacuum.
Yield: 0.11 g, 80%. NMR in CDCl3: 3a, δ(1H) = 8.35 [s, 1H, C6H4]; 8.04 [d, 2H, 3JHH = 8 Hz,
C6H4]; 7.94 [br, 2H, NH]; 7.54 [t, 1H, 3JHH = 8 Hz, C6H4]; 7.30 - 7.35 [m, 20H, Ph]; 3.74 [br,
4H, NCH2]; 2.48 [br, 4H, CH2P]; 0.56 [m, 6H, PtMe2]; δ (31P) = 11.23 [s, 1JPtP = 1815 Hz]. 3b,
δ(1H) = 8.35 [s, 2H, C6H4]; 8.04 [d, 4 H, 3JHH = 8 Hz, C6H4]; 7.98 [br, 4H, NH]; 7.54 [t, 2H, 3JHH
= 8 Hz, C6H4]; 7.30 - 7.35 [m, 40H, Ph]; 3.60 [br, 8H, NCH2]; 2.24 [br, 8H, CH2P]; 0.50 [m,
12H, PtMe2]; δ (31P) = 10.89 [s, 1JPtP = 1800 Hz]. Anal. Calcd. for C76H80N4O4P4Pt2: C, 56.09; H,
4.95; N, 3.44 %. Found: C, 55.94; H, 4.92; N, 3.27 %. Single crystals of both complexes 3a and
3b were grown by slow diffusion of n-pentane into a solution of the compound dissolved in a

131

mixture of equal volumes of benzene, dimethylsulfoxide, methanol, acetone, dichloromethane
and chloroform.
[PtIMe(dpipa)], 4.
To a stirred solution of complexes 3a/3b (0.10 g, 0.123 mmol) in dry CH2Cl2 (15 mL) was added
a solution of MeI (100µl, 1.61 mmol) in CH2Cl2 (5 mL). After 18 h., the solvent was removed
under vacuum and a white solid was obtained which was washed with pentane (3x5 mL) and
ether (3x5 mL) and then dried under high vacuum. Yield: 0.105g, 92%. NMR in CDCl3: δ(1H) =
8.17 [d, 2H, 3JHH = 8 Hz, C6H4]; 7.75 [s, 1H, C6H4]; 7.65-7.27 [m, 21H, Ph and C6H4]; 7.34 [m,
2H, NH]; 4.15 [m, 4H, NCH2]; 3.31[m, 4H, CH2P]; 0.15 [t, 2JPtH = 80 Hz, 3JPH = 7 Hz, 3H,
PtMe]; δ(31P) = 16.12 [s, 1JPPt = 2946 Hz]. Anal. Calcd. for C37H37IN2O2P2Pt: C, 48.01; H, 4.03;
N, 3.03 %. Found: C, 47.84; H, 4.08; N, 2.88 %. Single crystals of complex 4 were grown by
slow diffusion of n-pentane into a solution of the compound dissolved in a mixture of equal
volumes of benzene, acetone, methanol, dichloromethane, tetrahydrofuran and chloroform.
[Pt2Br4Me4(dpipa)2], 6, and[Pt2Br5Me3(dpipa)2], 7.
To a stirred solution of 3a/3b (0.10 g, 0.123 mmol) in dry CH2Cl2 (15 mL) was added a solution
of Br2 (30µL, 0.54 mmol) in CH2Cl2 (5 mL). The mixture was stirred for 12 h., then the orange
precipitate which formed was separated, washed with pentane (3x5 mL) and ether (3x5 mL) and
dried under high vacuum. Yield: 0.105 g. NMR in DMSO-d6: 6, δ(1H) = 8.78 [br, 4H, NH]; 8.23
[s, 2H, C6H4]; 8.0 – 7.2 [m, 46H, Ph and C6H4]; 3.57 [br, 8H, NCH2]; 2.94 [br, 8H, CH2P]; 0.55
[br, 12H, 2JPtH = 65 Hz, PtMe2Br2]; δ(31P) = -5.59 [s, 1JPPt = 2050 Hz]. 7, δ(1H) = 8.80 [br, 2H,
NH]; 8.63 [br, 2H, NH]; 8.15 [s, 2H, C6H4]; 8.0 – 7.2 [m, 46H, Ph and C6H4]; 3.67 [br, 4H,
NCH2]; 3.42 [br, 4H, NCH2]; 2.89 [br, 4H, CH2P]; 2.66 [br, 4H, CH2P]; 1.08 [br, 3H, 2JPtH = 68
Hz PtMeBr3]; 0.59 [t, 6H, 3JPH = 5 Hz, 2JPtH = 65 Hz, PtMe2Br2]; δ(31P) = -5.59 [s, 1JPPt = 2050
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Hz]. Single crystals of complex 7 were grown by slow diffusion of n-pentane into a solution of
the compound dissolved in a mixture of equal volumes of benzene, dimethylsulfoxide, methanol,
acetone, dichloromethane and chloroform. Anal. Calcd. for C75H77Br5N4O4P4Pt2: C, 44.77; H,
3.86; N, 2.78 %. Found: C, 44.54; H, 3.90; N, 2.59 %.
From the in situ formation of 5a/5b in CDCl3: δ(1H) = 8.68 [br, 4H, NH]; 8.1 – 6.9 [m,
48H, Ph and C6H4]; 3.75 [br, 8H, CH2P]; 3.60 [br, 8H, NCH2]; 0.66 [br m, 12H, 3JPH + 3JP`H = 4
Hz, 2JPtH = 65 Hz, PtMe2Br2]; δ(31P) = -13.6 [s, 1JPtP = 1585 Hz].
X-ray Structure Determination: X-ray data were obtained and solutions were determined by
Dr. P. D. Boyle in this chapter. Suitable crystals were mounted on a glass fibre and data was
collected at low temperature (- 123 ˚C) K on a Bruker Apex II CCD or Nonius Kappa-CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 5.1: Crystallographic data for complex 1b.(2)CHCl3
Empirical Formula

C74 H70 Au2 Cl8 N4 O4 P4

Formula Weight

1880.78

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 10.620(2) Å

α = 71.11(3)°

b = 13.657(3) Å

β = 85.43(3)°

c = 15.445(3) Å

γ = 84.12(3)°

Volume

2105.7(7) Å3

Z

1

Density (calculated)

1.483 mg/m3

Absorption Coefficient (µ)

3.855 mm-1

Crystal Size

0.25 x 0.27 x 0.46 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.024

Final R indicies [I>2σ(I)]

R1= 0.0377, wR2 = 0.1007

R indicies (all data)

R1 = 0.0424, wR2 = 0.1050

134

Table 5.2: Crystallographic data for complex (0.25)2b.(0.25)C6H6
Empirical Formula

C19.5 H18.5 Cl N O P Pt0.5

Formula Weight

446.31

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 12.102(2) Å

α = 89.73(3)°

b = 13.432(3) Å

β = 68.07(3)°

c = 14.707(3) Å

γ = 86.94(3)°

Volume

2214.2(8) Å3

Z

4

Density (calculated)

1.339 mg/m3

Absorption Coefficient (µ)

3.392 mm-1

Crystal Size

0.18 × 0.20 ×0.22 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.067

Final R indicies [I>2σ(I)]

R1= 0.0318, wR2 = 0.0801

R indicies (all data)

R1 = 0.0362, wR2 = 0.0820
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Table 5.3: Crystallographic data for complex 3a
Empirical Formula

C38 H40 N2 O2 P2 Pt

Formula Weight

813.75

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 10.0685(9) Å

α = 90°

b = 17.8332(16) Å

β = 91.297(2)°

c = 18.5484(16) Å

γ = 90°

Volume

3329.6(5) Å3

Z

4

Density (calculated)

1.623 mg/m3

Absorption Coefficient (µ)

4.347 mm-1

Crystal Size

0.08 x 0.10 x 0.19 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.007

Final R indicies [I>2σ(I)]

R1= 0.0321, wR2 = 0.0600

R indicies (all data)

R1 = 0.0546, wR2 = 0.0870
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Table 5.4: Crystallographic data for complex (2)3b.CHCl3.CH2Cl2
Empirical Formula

C154 H163 Cl5 N8 O8 P8 Pt4

Formula Weight

3454.75

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 17.6919(11) Å

α = 71.363(2)°

b = 19.0824(12) Å

β = 89.258(2)°

c = 25.5103(16) Å

γ = 75.583(2)°

Volume

7882.9(9) Å3

Z

2

Density (calculated)

1.455 mg/m3

Absorption Coefficient (µ)

3.759 mm-1

Crystal Size

0.07 x 0.07 x 0.19 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.101

Final R indicies [I>2σ(I)]

R1= 0.0479, wR2 = 0.1056

R indicies (all data)

R1 = 0.0714, wR2 = 0.1248

137

Table 5.5: Crystallographic data for complex 4.H2O
Empirical Formula

C37 H39 I N2 O3 P2 Pt

Formula Weight

943.63

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 10.2201(14) Å

α = 76.047(8)°

b = 11.5271(18) Å

β = 79.126(10)°

c = 15.413(2) Å

γ = 89.563(9)°

Volume

1729.2(5) Å3

Z

2

Density (calculated)

1.812 mg/m3

Absorption Coefficient (µ)

5.082 mm-1

Crystal Size

0.04 × 0.05 × 0.17 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.043

Final R indicies [I>2σ(I)]

R1= 0.0400, wR2 = 0.0740

R indicies (all data)

R1 = 0.0512, wR2 = 0.0836
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Table 5.6: Crystallographic data for complex ( ~ 0.25)7
Empirical Formula

C18.73 H19.19 Br1.27 N O P Pt0.5

Formula Weight

504.30

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 9.915(2) Å

α = 87.58(3)°

b = 13.179(3) Å

β = 81.98(3)°

c = 19.395(4) Å

γ = 76.46(3)°

Volume

2439.7(8) Å3

Z

4

Density (calculated)

1.373 mg/m3

Absorption Coefficient (µ)

5.048 mm-1

Crystal Size

0.05 x 0.07 x 0.33 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

0.954

Final R indicies [I>2σ(I)]

R1= 0.0558, wR2 = 0.1382

R indicies (all data)

R1 = 0.0867, wR2 = 0.1505
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Chapter 6

Cascade cyclometalation reactions at platinum(II): double
and quadruple metalation of diphosphine-dicarboxamide
ligands

A version of this chapter has been prepared for publication; Nasser, N.; Boyle, P. D.; Puddephatt,
R. J.
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6.1

Introduction
The cyclometalation reaction is widely used in inorganic and organometallic synthesis,

often as a step in formation of new ligand types, and the products are often useful in
stoichiometric or catalytic organic synthesis or in the development of sensors or photonic
devices.1,3 Hence there is great interest in the field, and many key studies in both synthesis and
mechanism have involved the use of platinum(II) and palladium(II) complexes.1-3
Cyclometalation can involve activation of several bond types, but this work is concerned
only with the activation of N-H and C-H bonds by platinum(II).

Some relevant previous

examples of N-H bond activation are shown in Scheme 6.1, in which the reactions form amidoplatinum(II) complexes. The soft acid platinum(II) does not have a strong affinity for the hard
amide ligand, but the product amidoplatinum(II) complexes A and B are stabilized by the chelate
effect and these compounds and their analogs are readily prepared.4,5 In reactions in which an
acid is eliminated, such as in the formation of B, the addition of base may aid the reaction, but
this additive is not always necessary.

Scheme 6.1. Cyclometalation routes to
amido-phosphine complexes of
platinum(II)
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Scheme 6.2. Cyclometalation routes to arylplatinum complexes.
Some of the many known cyclometalation reactions involving aryl C-H bond activation
are shown in Scheme 6.2. Many of these reactions occur to form complexes of pincer ligands,
such as the PCP-, NNC- or SNC-pincer ligand complexes C, D or E (Scheme 6.2),2,3,6,7 just as
the N-H bond activation gives the PNP-pincer ligand in A (Scheme 6.1).4 Hence the fields of
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cyclometallation and pincer ligand chemistry are strongly intertwined.3,7 Scheme 6.2 also gives
examples of double metalation of bifunctional ligands to give diplatinum(II) complexes, namely
the cyclometalation of bis(diphenylphosphino)anthracene to give complex F and the double
rollover cyclometalation of terpyridine to give complex G.
Both Schemes 6.1 and 6.2 give examples of cyclometalation using electron-rich
dimethylplatinum(II) complexes and more electrophilic platinum(II) chloride or triflate
complexes. The mechanisms of reaction are likely to be different in these two cases, and two
commonly proposed mechanisms are shown in Scheme 6.3, illustrated using dimethylsulfide
complexes of platinum(II) as precursors.3,8,9 The stronger donor directing group L (typically a
phosphine, thiol, amine, imine or pyridine) coordinates first, with displacement of Me2S, to give
H or L, and then coordination of the E or E-H group (E = C or N) occurs to give I or M (note the
difference that the C-H bond must form a σ-complex while the N-H group can coordinate
through the lone pair).

The mechanisms typically diverge at this point, with the

dimethylplatinum complex reacting by oxidative addition of the E-H bond to give J, followed by
reductive elimination of methane to give the cyclometalation product K,3,8 while the less
electron-rich complexes react by σ-bond metathesis to give N and then the cyclometalation
product O.3,9

The deprotonation of M may also be aided by external base. However, the

preferred mechanism may also be dependent on the σ-donor properties of the donor L and, if the
C-H bond is part of an aromatic group, a classical SE2 mechanism is also possible for the C-H
activation step.3
We have recently investigated the coordination chemistry of the two diphosphinedicarboxamide ligands, dppeta and dpipa, shown in Chart 6.1,10 particularly with respect to
equilibria between chelate and bridging modes of coordination to give monomers, dimers or
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polymers through dynamic ring-opening polymerization, along with the use of hydrogen bonding
between amide groups to increase the dimensionality of the molecular materials.11 For example,
the ligand dpipa gave dichloroplatinum(II) or dimethylplatinum(II) complexes, 3 or 4, each of
which exist in solution as a mixture of monomer and dimer (Scheme 6.4).

Structure

determinations showed that hydrogen bonding in isomers of 3 was of the type NH...ClPt but that,
in isomers of 4, it was of the more unusual type NH...Pt.10,12 We were unable to isolate similar
complexes of dppeta (Chart 6.1), but more complex mixtures of compounds were formed. This
chapter will show that further reactions occur by tandem cyclometalation involving both the N-H
groups and the C-H groups of the central aryl group to give unusual PNC-pincer complexes.

Scheme 6.3. Potential mechanisms of cyclometalation, emphasizing possible similarities in
cases involving CH or NH bond activation (E = CR2 or NR).
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Chart 6.1. Some diphosphine-dicarboxamide ligands

Scheme 6.4. Mononuclear and binuclear isomers of platinum(II) with dpipa.
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6.2

Results and discussion

6.2.1

Synthesis and structures of cyclometalated platinum(II) complexes
The cyclometalation reactions were generally complex and, in our early studies, the

product mixtures could not be characterized by their spectroscopic properties and it was difficult
to separate these mixtures or to crystallize pure compounds from them. Finally, two products
were successfully crystallized and these pure compounds acted as benchmarks for further study.
The product [Pt2(dmso)2(µ-κ6-C,C’,N,N’,P,P’-C6H2{C(=O)N(CH2)2PPh2}2)], 5a, formed by
cyclometalation of the ligand dppeta, is shown in Scheme 6.5. The pure compound 5a was
obtained by two synthetic routes. In the first method, the reaction of dppeta with [Pt2Me4(µSMe2)2], 1, in a 1:1 ratio in the presence of DMSO gave crystals of 5a, presumably with the loss
of four equivalents of methane and two equivalents of dimethylsulfide. In the second method,
the reaction of [Pt(O2CCF3)2(SMe2)2], 2b, (which was generated in situ by reaction of cis,trans[PtCl2(SMe2)2], 2a, with silver trifluoroacetate), with dppeta in a 2:1 ratio in the presence of
triethylamine and DMSO gave 5a, presumably with elimination of Et3NH+CF3CO2- and
dimethylsulfide. An essentially equivalent procedure was by the 2:1 reaction of 2a with dppeta,
perhaps to give [{PtCl2(SMe2)}2(µ-dppeta)], followed by addition of silver trifluoroacetate and
triethylamine. The essential features are the stoichiometry with two equivalents of platinum for
each dppeta ligand, and the replacement of the chloride ligands on platinum by the more labile
trifluoroacetate ligands, either before or after adding the dppeta ligand. The two successful
procedures in Scheme 6.5 involve cyclometalation with either nucleophilic dimethylplatinum(II)
complexes or electrophilic bis(trifluoroacetato)platinum(II) complexes, so individual steps are
likely to occur by the two mechanisms shown in Scheme 6.3.
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Scheme 6.5. Two routes for the synthesis of complex 5a.
The structure of complex 5a is shown in Figure 6.1. The molecule contains a center of
symmetry so the two platinum centers are equivalent. Each platinum has roughly square planar
stereochemistry, coordinated to one S-bonded DMSO molecule and to the PNC atoms of one
arm of the [C6H2{(C=O)N(CH2)2PPh2}2]4- ligand. The two PtPNCS units and the C6H2 group
are roughly coplanar. The molecule contains two dianionic PNC-pincer ligands, comprising a
neutral phosphine donor, and anionic amide nitrogen donor and an aryl carbon donor, and this
appears to be a new ligand type.4,7 The formation of complex 5a involves metallation of both NH bonds and two aryl C-H bonds of the parent ligand dppeta. The two platinum atoms and two
amide groups are each mutually para as substituents of the central C6H2 group. The second C-H
platination step is therefore regioselective, so that the potential isomer with mutually ortho
platinum atoms is not formed.
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Figure 6.1. View of the structure of complex 5a. Only the ipso carbon atoms of the phenyl
groups are shown, for clarity.

Selected bond parameters: Pt(1)-N(1) 1.998(5), Pt(1)-P(1)

2.314(2), Pt(1)-S(1) 2.203(2), Pt(1)-C(17) 2.074(7) Å; N(1)-Pt(1)-C(17) 81.0(2), C(17)-Pt(1)S(1) 100.7(2), N(1)-Pt(1)-P(1) 83.3(2), P(1)-Pt(1)-S(1) 95.01(7)˚. Symmetry equivalent: A, 2-x,
1-y, 1-z.
The ESI-MS of the pure crystals of complex 5a dissolved in dichloromethane, with NaI
added to aid ionization, gave a major peak at m/z = 1153.1 which corresponds to
[Pt2(dmso)2(C6H2{C(=O)N(CH2)2PPh2}2)]Na+.
The second pure compound to be isolated was the complex [Pt2{µ-κ4-C,N,P,P’C6H3(CONH(CH2)2PPh2)(CON(CH2)2PPh2)}2], 6, illustrated in Scheme 6.6. The reaction was
carried out by using a 1:1 ratio of [PtCl2(SMe2)2], 2a, and the ligand dpipa, to give initially a
mixture of [PtCl2(dpipa)], 3a, and [Pt2Cl4(µ-dpipa)2], 3b (Scheme 6.4). Then further reaction
with silver trifluoroacetate and triethylamine gave complex 6. In this reaction both the N-H and
a C-H bond of one arm of each dpipa ligand are metalated to give a PNC-pincer group, similar to
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that in 5a, but the other arm acts a simple phosphine donor. Each platinum atom is coordinated
to a PNC-pincer group of one ligand and to the simple phosphine donor of the other in the
diplatinum(II) product.

Scheme 6.6. The synthesis of complex 6.
The structure of complex 6 is shown in Figure 6.2.

The molecule has no

crystallographically imposed symmetry but there is approximate C2 symmetry, so the
coordination geometries of the two square planar platinum(II) centers are similar.

Each

platinum(II) is coordinated to a PNC-pincer and the dimer is then formed by head-to-tail binding
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of the simple phosphine donor from the second molecule. The ligand has to twist in order to
form the dimer and so the molecule is chiral. The complex crystallizes as the methanol solvate
6.3MeOH, and the methanol molecules hydrogen bond to three of the four carbonyl groups of 6
[O(1)...O(1S) 2.65(1), O(3)...O(2S) 2.75(1), O(4)...O(3S) 2.65(3) Å] but the remaining NH groups
in 6 are not involved in hydrogen bonding.

Figure 6.2. Two views of the structure of complex 6, with phenyl groups omitted for clarity.
The approximate vertical C2 axis is shown in the lower molecule. Selected bond parameters:
Pt(1)-C(5) 2.07(1), Pt(1)-N(1) 2.057(7), Pt(1)-P(1) 2.308(3), Pt(1)-P(4) 2.249(2), Pt(2)-P(2)
2.253(3), Pt(2)-P(3) 2.328(3), Pt(2)-N(3) 2.065(8), Pt(2)-C(41) 2.09(1) Å; C(5)-Pt(1)-N(1)
80.4(4), C(5)-Pt(1)-P(4) 97.0(3), P(4)-Pt(1)-P(1) 100.88(9), N(1)-Pt(1)-P(1) 81.8(2), C(41)Pt(2)-N(3) 80.1(4), P(2)-Pt(2)-C(41) 97.8(3), P(2)-Pt(2)-P(3) 100.0(1), P(3)-Pt(2)-N(3) 82.3(2)˚.
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The ESI-MS of complex 6 dissolved in dichloromethane gave a major peak at m/z =
1564.3 which corresponds to the ion [Pt2{C6H3(CONH(CH2)2PPh2)(CON(CH2)2PPh2)}2]H+.
The NMR spectra of complexes 5a and 6 have characteristic features. The

31

P NMR

spectra are shown in Figure 6.3. Complex 5a gave only a singlet resonance at δ(31P) = 37.18,
with satellites due to coupling to

195

Pt with 1JPtP = 2010 Hz, in the range expected for a

phosphorus atom trans to a carbon donor.4,5,13 However, complex 6 gave two resonances at
δ(31P) = 40.35 [d, 1JPtP = 1932 Hz, 2JPP = 15 Hz] and 4.86 [d, 1JPtP = 3237 Hz, 2JPP = 15 Hz].
These resonances are readily assigned, based on the large difference in the values of 1JPtP, to the
phosphorus atom in the PNC-pincer, with P trans to aryl, and the simple phosphine donor, with P
trans to nitrogen, respectively.13 The small value of the coupling constant 2JPP = 15 Hz indicates
that the phosphorus atoms are mutually cis in complex 6.13 The 1H NMR spectrum of 5a
contained a singlet resonance at δ(1H) = 2.17, 3JPtH = 44 Hz, for the DMSO protons but no NH
resonance, whereas the spectrum of 6 contained an NH resonance at δ(1H) = 8.00, but no DMSO
resonance. Both complexes gave resonances for the aryl, CH2N and CH2P protons, and they
were more complex for the less symmetrical complex 6.
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Figure 6.3. The 31P NMR spectra (163 MHz, CDCl3 solvent) of (a) complex 5a and (b) complex
6.
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6.2.2

Pt satellites are indicated by *.
Monitoring reactions by NMR
The cyclometalated complexes 5a and 6 were isolated and structurally characterized, but

many attempts to isolate related compounds have been unsuccessful. Nevertheless, it has been
possible to gain useful information on the reaction steps by monitoring reactions by 1H and

31

P

NMR spectroscopy. The most convincing evidence that the two carboxamido-phosphine arms of
each ligand were cyclometalated sequentially was obtained by studying the reactions of
trifluoroacetate derivatives at different stoichiometries. Complex 5a was prepared by reaction of
dppeta and [Pt(O2CCF3)2(SMe2)2] in a 1:2 ratio in the presence of triethylamine in DMSO
solvent. If a similar reaction was carried out in a 1:1 ratio, the 31P NMR spectrum of the product,
which is assigned structure 7, contained two resonances at δ(31P) = 5.89, 1JPtP = 3368 Hz, 2JPP =
14 Hz, assigned to a phosphorus atom trans to nitrogen, and at δ(31P) = 38.93, 1JPtP = 1906 Hz,
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2

JPP = 14 Hz, assigned to a phosphorus atom trans to aryl (Figure 6.4b). The spectral parameters

are very similar to those for complex 6 (Figure 6.3b), and so indicate an isomeric structure
[Pt2{µ-κ4-C,N,P,P’-C6H3(CONH(CH2)2PPh2)(CON(CH2)2PPh2)}2], 7 (Scheme 6.7).

The

31

P

NMR spectrum of the product of reaction of dpipa with [Pt(O2CCF3)2(SMe2)2] in a 1:2 ratio gave
a major singlet peak at δ(31P) = 37.2, 1JPtP = 2250 Hz (Figure 6.4a), along with several impurity
peaks, but no resonance in the region 0-10 ppm. The similarity of the parameters to those for
complex 5a (Figure 6.3a) suggests an analogous structure 8a (Scheme 6.8) in which both arms of
the dpipa ligand have been cyclometalated, but the conclusion is tentative in this case.
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31

P NMR spectra (163 MHz, CDCl3 solvent) of reaction mixtures: (a) dpipa with

[Pt(O2CCF3)2(SMe2)2] in a 1:2 ratio to give 8a; (b) dppeta and [Pt(O2CCF3)2(SMe2)2] in a 1:1
ratio to give 7. 195Pt satellites are indicated by *.

157

O
NH
Ph2P

HN

PPh2

dppeta

O

[Pt(O2CCF3)2(SMe2)2] - 2Et NH+CF CO 3
3
2
2 Et3N

- 2 Me2S
O
N
O

Pt
NH

1/2

Ph2P

PPh2
Ph2P

PPh2

HN

Pt

O

N

7
O

[Pt(O2CCF3)2(SMe2)2] - 2Et NH+CF CO 3
3
2
2 Et3N, 2 dmso

- 2 Me2S

S(=O)Me2
Ph2P

O

Pt

N

N

Pt
O
5a

PPh2

S(=O)Me2
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Scheme 6.8. Proposed formation of complex 8a.
Stepwise cyclometalation was also shown by monitoring the reactions of dppeta and
dpipa with [Pt2Me4(µ-SMe2)2]. In CDCl3 solution at room temperature, dpipa gave only the
dimethylplatinum(II) complexes 4a and 4b (Scheme 6.4), but dppeta gave products of
cyclometalation. With 1:1 stoichiometry of dppeta and complex 1, initially several overlapping
peaks were observed in the 31P NMR spectrum in the region δ 37 – 38 ppm, each with 1JPtP 2070
– 2080 Hz, and a broad resonance was observed at δ 10.8 with 1JPtP ca. 1800 Hz. At this stage,
dimethylsulfide resonances were observed at δ 2.39 with 3JPtH = 24 Hz, indicating Me2S trans to
methyl, and another at δ 2.57 with 3JPtH = 54 Hz, as expected if trans to nitrogen. A singlet
resonance for methane was also observed at δ 0.21. Overlapping methylplatinum resonances
were observed but could not be assigned. A slow further reaction occurred, with decay of the
resonance at δ 10.82 in the 31P NMR spectrum and the Me2S resonance in the 1H NMR spectrum
at δ 2.39, to give a complex identified as 5b, which was characterized in the 31P NMR spectrum
by a resonance at δ 37.20 with 1JPtP = 2073 Hz, and in the 1H NMR spectrum by a singlet
resonance for the dimethylsulfide protons at δ 2.57 with 3JPtH = 54 Hz. The reactions may be
interpreted in terms of Scheme 6.9, in which the identification of the intermediate 9 is tentative.
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Scheme 6.9. Formation of complex 5b, and possible intermediate 9.
The cyclometalation reactions occurred much more slowly when carried out in DMSO-d6
solution.

With dppeta, no cyclometalation occurred at room temperature and the expected

dimethylplatinum(II) derivatives could be identified spectroscopically (Scheme 6.10). With 1:1
stoichiometry of dppeta and complex 1, the major compound gave a resonance in the 31P NMR
spectrum at δ 17.29, with 1JPtP = 1860 Hz, tentatively identified as 10. With 2:1 stoichiometry of
dppeta and complex 1, a mixture of two products was formed. The major compound gave a
resonance in the 31P NMR spectrum at δ 11.42, with 1JPtP = 1850 Hz, and the minor compound
gave a resonance at δ 12.18, with 1JPtP = 1840 Hz. These are tentatively assigned to the
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monomer 11 and dimer 12 (Scheme 6.10). On heating briefly to 140oC, 10 decomposed to give
5a while 11/12 decomposed to give 7, identified by their NMR spectra.

Scheme 6.10. Cyclometalation of dppeta in DMSO-d6.
In a similar way, the reaction of dpipa with complex 1 in DMSO-d6 at room temperature
gave either the known compounds 4a/4b (Scheme 6.4) or a new compound tentatively identified
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as 13 [δ(31P) = 17.17, 1JPtP = 1870 Hz] when the ratio dpipa:1 = 2:1 or 1:1 respectively, and brief
heating to 140oC then gave 6 or 8b respectively.

Scheme 6.11. Cyclometalation of dpipa in DMSO-d6.
6.3

Conclusions
This work has established the double and quadruple cyclometalation of the ligands dppeta

and dpipa to give complexes containing new PNC-pincer ligands. One of each type of complex
has been established crystallographically, and other examples were characterized by 1H and
NMR spectroscopy.
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P

Some of the observations from the monitoring of reactions by NMR

spectroscopy are summarized below.
Each type of complex could be formed either using nucleophilic dimethylplatinum(II) or
electrophilic bis(trifluoroacetato)platinum(II) precursor complexes. In each case, the two arms
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of the ligand dppeta or dpipa are cyclometalated in a stepwise fashion, with the second step
somewhat slower than the first. Cyclometalation of the ligand dppeta occurs more easily than
for dpipa, at least when using the dimethylplatinum(II) precursor complex. In no case has a
singly metalated arm of dppeta or dpipa been identified, so it seems that the second
cyclometalation step for a given arm of the ligand occurs more rapidly than the first. Using the
dimethylplatinum(II) precursor complex 1, the cyclometalation in solvent DMSO-d6 occurs very
much more slowly than in CDCl3 solution.
Many of these observations can be rationalized in terms of the mechanism in Scheme
6.12,

building

on

several

earlier

studies

(Scheme

Ph2PCH2CH2NHCOPh as a model for dppeta or dpipa.

6.3)4-9

and

using

the

model

Scheme 6.12 uses the nucleophilic

dimethylplatinum precursor complex 1, but a similar scheme is likely for the trifluoroacetate
precursor 2b (Scheme 6.3). The phosphine group first coordinates to complex 1, perhaps with
support from an NH...Pt hydrogen bond (see 4a and 4b, Scheme 6.4) to give P.10,12

The

phosphine then directs the first cyclometalation step to take place at the NH group, by
displacement of dimethylsulfide to give Q, oxidative addition to give R, and reductive
elimination of methane to give S. In principle, the 14-electron platinum(II) complex S could
coordinate an extra ligand to give a stable 16-electron complex, but it seems that the amido
group directs the C-H activation instead, by coordination of an aryl C-H bond to give T, followed
by oxidative addition of the C-H bond to give U, and then reductive elimination of methane to
give V. Only then does ligand coordination occur to give the observed product of double
cyclometalation, W. The ligand L may be dimethylsulfide (e.g. 5b, 9, Scheme 6.9; 8a, Scheme
6.8) or a free phosphine group (6, Scheme 6.6; 7, Scheme 6.7) or, if the solvent is DMSO, an Sbonded dimethylsulfoxide molecule (5a, Scheme 6.5; 8b, Scheme 6.11). The slow reaction in
163

DMSO solvent could be due to two factors. Firstly, the initial step P (but with DMSO in place
of Me2S) to Q in the N-H bond activation will be much more easily reversed in DMSO solvent
and, secondly, the DMSO is a strong hydrogen bond acceptor so it is likely to disrupt the NH...Pt
hydrogen bonding.

Scheme 6.12. Proposed mechanism of cyclometalation.
Based on these observations, it is likely that a general route to useful PNC-pincer ligands
can be developed by using carboxamide-phosphine ligand precursors.
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6.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and

31

P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario.
The complexes [PtCl2(dpipa)], 3a, [Pt2Cl4(dpipa)2], 3b, [PtMe2(dpipa)], 4a and
[Pt2Me4(dpipa)2], 4b, were prepared according to the literature,10 as was the complex [Pt2Me4(µSMe2)2], 1.14,15
[Pt2(OSMe2)2{µ
µ2-κ
κ6-C,C’,N,N’,P,P’-C6H2-1,4-(CONCH2CH2PPh2)2}], 5a.
To a solution of dppeta (0.1 g, 0.170 mmol) dissolved in CH2Cl2 (5 mL) was added a solution of
[Pt2Me4(µ-SMe2)2], 1, (0.098 g, 0.170 mmol) in CH2Cl2 (5 mL). After 18h., the solvent was
removed under vacuum and a white solid was obtained which was washed with pentane (3x5
mL) and ether (3x5 mL) and dried under high vacuum. Crystals of complex 5a were obtained by
the slow diffusion of pentane into a solution of the sample dissolved in a mixture of solvents
including CHCl3, DCM, THF, acetone, methanol, DMSO and benzene (0.1 mL of each). NMR
of the pure crystals in CDCl3: δ(1H) = 7.44 - 7.89 [m, 22H, Ph and C6H2]; 3.51 [m, 4H, NCH2];
2.57 [m, 4H, CH2P]; 2.17 [s, 3JPtH = 44 Hz, 12H, (CH3)2SO]; δ(31P) = 37.18 [s, 1JPPt = 2010 Hz, P
trans to aryl]. Anal. Calcd. for C40H42N2O4P2Pt2S2: C, 42.48; H, 3.74; N, 2.48 %. Found: C,
42.71; H, 4.00; N, 2.65 %.
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[Pt2{µ
µ2-κ
κ4-C,N,P,P’-C6H3-1-(CONHCH2CH2PPh2)-3-(CONCH2CH2PPh2)}2], 6.
To a stirred solution of complex 3a/3b (0.1 g, 0.059 mmol) in acetone (2 mL) and CH2Cl2 (2
mL) was added a solution of silver trifluoroacetate (0.52 g, 0.234 mmol) in THF ( 2 mL). After
allowing the reaction to stir for 1 h., triethylamine (33 µL, 0.234 mmol) in CH2Cl2 (2 mL) was
added to the reaction contents. The reaction was allowed to stir overnight (ca. 10 h.). The formed
AgCl precipitate was removed by filtration. The filtrate was collected, solvents were evaporated
and the product was isolated as a colorless solid. Yield: 0.08 g, 88%. NMR in CDCl3: δ(1H) =
8.04 [s, 2H, C6H3]; 8.00 [br, 2H, NH]; 7.91 [m, 4H, C6H3]; 7.82 - 7.31 [m, 40H, Ph]; 3.85 [m,
4H, NCH2]; 3.13 [m, 4H, NCH2]; 3.01 [m, 4H, CH2P]; 2.69 [m, 4H, CH2P]; δ(31P) = 40.35 [d,
1

JPPt = 1932 Hz, 2JPP = 15 Hz, P trans to aryl]; 4.86 [d, 1JPPt = 3237 Hz, 2JPP = 15 Hz, P trans to

N]. Single crystals of complex 6 were grown by slow diffusion of n-pentane into a solution of the
compound dissolved in dichloromethane, acetone, methanol and chloroform (0.1 mL of each).
Anal. Calcd. for C72H64N4O4P4Pt2: C, 55.32; H, 4.13; N, 3.58 %. Found: C, 55.56; H, 4.31; N,
3.84 %.
NMR monitoring
[Pt2{µ
µ2-κ
κ4-C,N,P,P’-C6H3-1-(CONHCH2CH2PPh2)-4-(CONCH2CH2PPh2)}2], 7.
To a solution of dppeta (0.10 g, 0.17 mmol) in CH2Cl2 was added cis/trans-[PtCl2(SMe2)2]; 2a,
(0.0612 g, 0.170 mmol) in CH2Cl2. The white precipitate of [PtCl2(dppeta)] which formed
{NMR in DMSO-d6: δ(1H) = 8.78 [m, 2H, NH]; 7.97 - 7.78 [m, 4H, C6H4]; 7.60 - 7.15 [m, 20H,
Ph]; 3.57 [br, 4H, NCH2]; 2.62 [br, 4H, CH2P]; δ(31P) = 1.82 [s, 1JPtP = 3600 Hz, P trans to Cl]}
was collected, washed with ether (3 x 5 mL) and pentane (3 x 5 mL), and dried under high
vacuum. The [PtCl2(dppeta)] (0.10 g, 0.117 mmol) was dissolved in acetone (5 mL) and CH2Cl2
166

(5 mL) and a solution of silver trifluoroacetate (0.051 g, 0.234 mmol) in THF (2 mL) was added.
After allowing the reaction to stir for 1 h., triethylamine (33 µL, 0.234 mmol) in CH2Cl2 (2 mL)
was added, and the reaction was allowed to stir for 2 h.. The formed AgCl precipitate was
removed by filtration. The filtrate was collected, solvents were evaporated and the product, 7,
was isolated as a colorless oily product, which could not be crystallized and which had limited
stability in air. NMR in CDCl3: δ(1H) = 8.78 [br, 2H, NH]; 7.91 - 7.0 [m, 46H, Ph and C6H3];
3.44 [m, 4H, CH2N]; 3.01 [m, 4H, CH2N]; 2.21 [m, 4H, CH2P]; 1.61 [m, 4H, CH2P]; δ(31P) =
38.93 [d, 1JPPt = 1906 Hz, 2JPP = 14 Hz, P trans to aryl]; 5.89 [d, 1JPPt = 3368 Hz, 2JPP = 14 Hz, P
trans to N].
[Pt2(SMe2)2{µ
µ2-κ
κ6-C,C’,N,N’,P,P’-C6H2-1,3-(CONCH2CH2PPh2)2}], 8a.
To a solution of dpipa (0.10 g, 0.17 mmol) in CH2Cl2 was added cis/trans-[PtCl2(SMe2)2]; 2a,
(0.122 g, 0.340 mmol) in CH2Cl2 to give a white precipitate, tentatively identified as
[Pt2Cl4(SMe2)2(µ-dpipa)], which was collected, washed with ether (3 x 5 mL) and pentane (3 x 5
mL) and then dried under high vacuum. NMR in DMSO-d6: δ(1H) = 8.81 [br, 2H, NH]; 7.298.31 [m, 24H, Ph and C6H4]; 3.59 [m, 4H, CH2N]; 2.63 [m, 4H, CH2P]; 2.50 [m, 12H, Me2S];
δ(31P) = 1.67 [s, 1JPtP = 3630 Hz]. To a stirred solution of this product (0.10 g, 0.080 mmol) in
acetone (5 mL) and CH2Cl2 (5 mL) was added a solution of silver trifluoroacetate (0.071 g, 0.321
mmol) in THF ( 2 mL). After allowing the reaction to stir for 1 h., triethylamine (48 µL, 0.321
mmol) in CH2Cl2 (2 mL) was added and the reaction mixture was allowed to stir for ca. 2h.. The
formed AgCl precipitate was removed by filtration. The filtrate was collected, solvents were
evaporated and the product, 8a, was isolated as a colorless oily product which could not be
crystallized. NMR in CDCl3: δ(1H) = 7.0-7.8 [m, 22H, Ph and C6H2]; 3.60 [m, 4H, CH2N]; 2.77
[m, 4H, CH2P]; 2.28 [m, 12H, Me2S]; δ(31P) = 37.2 [s, 1JPPt = 2250 Hz, P trans to aryl].
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Complexes 5b and 9.
A solution of complex 1 (0.0244 g, 0.042 mmol) and dppeta (0.025 g, 0.042 mmol) in CDCl3
solvent (0.5 mL) was prepared and 1H and 31P NMR spectra were recorded after 5 minutes, after
2 days and after 4 days. NMR in CDCl3 after 5 min.: complex 9; δ(1H) = 7.0 - 7.9 [m, 23H, Ph
and C6H3]; 3.80 [m, 2H, CH2N]; 3.46 [m, 2H, CH2N]; 2.57 [s, 6H, 3JPtH = 54 Hz, Me2S trans to
N]; 2.39 [s, 6H, 3JPtH = 24 Hz, Me2S trans to Me]; 2.32 [m, 2H, CH2P]; 2.26 [m, 2H, CH2P];
0.54 [br, 6H, MePt]; δ(31P) = 37.59 [s, 1JPtP = 2080 Hz, P trans to aryl]; 10.82 [br, 1JPtP = 1802
Hz, P trans to Me]. After 4 days: complex 5b; δ(1H) = 7.1 - 7.9 [m, 22H, Ph and C6H2]; 3.52 [m,
4H, CH2N]; 2.58 [s, 3JPtH = 54 Hz, Me2S trans to N]; 2.38 [m, 4H, CH2P]; δ(31P) = 37.20 [s,
1

JPtP = 2073 Hz, P trans to aryl]. After 2 days, both complexes 5b and 9 were present. Also

observed: δ(1H) = 0.21 [s, CH4], 2.08 [s, Me2S].
Complexes 10 and 5a.
A solution of complex 1 (0.020 g, 0.035 mmol) and dppeta (0.020 g, 0.035 mmol) in DMSO-d6
(0.5 mL) was prepared in an NMR tube. Selected NMR in DMSO-d6: 10 (observed only at
25˚C); δ(1H) = 8.75 [m, 2H, NH]; 7.2 – 8.0 [m, 24H, Ph and C6H4]; 3.58 [m, 4H, CH2N]; 2.84
[m, 4H, CH2P]; 0.32 [d, 6H, 3JPH = 7 Hz, 2JPtH = 66 Hz, Me trans to P]; 0.27 [d, 6H, 3JPH = 8
Hz, 2JPtH = 80 Hz, Me trans to DMSO]; δ(31P) = 17.29 [s, 1JPPt = 1860 Hz, P trans to Me].
Complex 5a was observed only after heating to 140˚C. It was identified by its NMR spectra as
above. Also observed: δ(1H) = 0.21 [s, CH4], 2.08 [s, Me2S].
Complexes 11/12 and 7.
A solution of complex 1 (0.020 g, 0.035 mmol) and dppeta (0.040 g, 0.070 mmol) in DMSO-d6
(0.5 mL) was prepared in an NMR tube. NMR in DMSO-d6 at 25˚C: 11/12 (the complexes were
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present in similar amounts and specific assignments were not possible): δ(1H) = 8.8, 8.7 [m,
NH]; 7.1 - 7.9 [m, Ph and C6H4]; 3.58 [m, CH2N]; 2.31 [m, CH2P]; 0.31 [m, 2JPtH = 66 Hz,
MePt]; 0.32 [m, 2JPtH = 63 Hz, MePt]; δ(31P) = 12.18 [s, 1JPtP = 1840 Hz, P trans to Me]; 11.42
[s, 1JPtP = 1850 Hz, P trans to Me]. Selected NMR data of 7 (observed only after heating to
140˚C and it was identified by its 1H NMR spectrum as above): δ(31P) = 38.21 [d, 1JPPt = 1970
Hz, 2JPP = 16 Hz, P trans to aryl]; 5.85 [d, 1JPPt = 3360 Hz, 2JPP = 16 Hz, P trans to N]. Also
observed: δ(1H) = 0.21 [s, CH4], 2.08 [s, Me2S].
Complexes 13 and 8b.
A solution of complex 1 (0.020 g, 0.035 mmol) and dpipa (0.020 g, 0.035 mmol) in DMSO-d6
(0.5 mL) was prepared in an NMR tube.

1

H and

31

P NMR spectra were recorded at 25˚C and

after heating to 140˚C. NMR in DMSO-d6: 13 (observed only at 25˚C), δ(1H) = 8.82 [m, 2H,
NH]; 7.2-8.3 [m, 24H, Ph and C6H4]; 3.59 [m, 4H, CH2N]; 2.84 [m, 4H, CH2P]; 0.30 [d, 3JPH =
7 Hz,

2

JPtH = 67 Hz, MePt trans to P]; 0.27 [d, 3JPH = 7 Hz, 2JPtH = 74 Hz, Me trans to

DMSO]; δ(31P) = 17.17 [s, 1JPPt = 1870 Hz, P trans to Me]. 8b (observed only at 140˚C), δ(1H)
= 7.0-8.2 [m, 22H, Ph and C6H2]; 3.24 [m, 4H, CH2N]; 2.70 [m, 4H, CH2P];
1

δ(31P) = 39.77 [s,

JPPt = 1930 Hz, P trans to aryl].

Complexes 4a/4b and 6.
In NMR tube, a solution of complex 1 (0.020 g, 0.035 mmol) and dpipa (0.040 g, 0.070 mmol) in
DMSO-d6 solvent (0.5 mL) was prepared and 1H and

31

P NMR spectra were recorded at 25˚C

and after heating to 140˚C. Complexes 4a/4b were observed at 25˚C, and 6 was observed after
heating to 140˚C, identified by their NMR spectra (see above). Also observed: δ(1H) = 0.21 [s,
CH4], 2.08 [s, Me2S].
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X-ray Structure Determination: X-ray data were obtained and solutions were determined by
Dr. P. D. Boyle in this chapter. Suitable crystals were mounted on a glass fibre and data was
collected at low temperature (-123 ˚C) K on a Bruker Apex II CCD or Nonius Kappa-CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 6.1: Crystallographic data for complex 5a
Empirical Formula

C40 H42 N2 O4 P2 Pt2 S2

Formula Weight

1131.0

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 13.3479(13) Å

α = 90°

b = 10.8492(11) Å

β = 112.743(5)°

c = 14.6251(14) Å

γ = 90°

Volume

1953.2(3) Å3

Z

2

Density (calculated)

1.923 mg/m3

Absorption Coefficient (µ)

7.387 mm-1

Crystal Size

0.02 x 0.07 x 0.10 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.026

Final R indices [I>2σ(I)]

R1= 0.0396, wR2 = 0.0760

R indices (all data)

R1 = 0.0653, wR2 = 0.1026
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Table 6.2: Crystallographic data for complex 6.(3)CH3OH
Empirical Formula

C75 H76 N4 O7 P4 Pt2

Formula Weight

1659.46

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 18.189(15) Å

α = 90°

b = 22.931(10) Å

β = 120.15(3)°

c = 20.621(14) Å

γ = 90°

Volume

7437(9) Å3

Z

4

Density (calculated)

1.482 mg/m3

Absorption Coefficient (µ)

3.897 mm-1

Crystal Size

0.07 x 0.14 x 0.19 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.050

Final R indices [I>2σ(I)]

R1= 0.0577, wR2 = 0.1126

R indices (all data)

R1 = 0.0630, wR2 = 0.1231
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Chapter 7

Supramolecular chemistry of N,N’-bis(2diphenylphosphinoethyl)phthalamide and its complexes
with gold(I) and silver(I)

A version of this chapter has been published, Nasser, N.; Puddephatt, R. J. Inorg. Chim. Acta,
2014, 409, 238.
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7.1

Introduction
There is growing interest in the use of diphosphine-carboxamide ligands in the design of

catalysts or molecular materials.1-3 The phosphine groups are typically used to bind to transition
metal ions while the carboxamide groups engage in hydrogen bonding, with the role to recognize
substrates for catalysis or to increase dimensionality in molecular materials.1-8

For example,

coordination polymers or network materials can be prepared by using the phosphine donors to
form a primary structure through dynamic coordination chemistry or dynamic ring-opening
polymerization, and by using the carboxamide groups to increase the dimensionality.9,10 This
general strategy has been developed primarily through the use of nitrogen-donors rather than
phosphorus-donors, but recent work certainly indicates that phosphine-carboxamide ligands have
great potential.11-17

We have reported on the chemistry of the terephthalamide and

isophthalamide derivatives dppeta7 and dpipa8 (Chart 7.1) and this work describes the synthesis
and chemistry of the corresponding phthalamide derivative dpppa (Chart 7.1).

This ortho

substituted diphosphine ligand, N,N’-bis(2-diphenylphosphinoethyl)phthalamide, dpppa, can be
compared to the para and meta substituted isomers dppeta and dpipa, and also to related ortho
substituted diphosphine-dicarboxamide ligands such as dppbH and Trost’s ligand (Chart 7.1).18-20
These are versatile diphosphine ligands which can give cis or trans chelate complexes, and they
can also act as bridging ligands.7,18-21

Several chiral ligands, which can be considered as

derivatives of dpppa, have been prepared by Morimoto and used for chiral catalysis but the
parent dpppa was previously unknown.22,23
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Chart 7.1. Some diphosphine-dicarboxamide ligands.
7.2

Results and discussion
The ligand dpppa was prepared by reaction of phthaloyl chloride with Ph2PCH2CH2NH2,

according to Scheme 7.1. There is a competition between formation of dpppa and cyclization to
give the phthalimide derivative 1,2-C6H4(CO)2NCH2CH2PPh2, dpppi. The yield of dpppa was
improved by using excess Ph2PCH2CH2NH2, and the products were then separated by column
chromatography. Isolated yields of dpppi and dpppa were 38% and 40% respectively. In the 31P
NMR spectrum, dpppa gave a singlet resonance at δ(31P) = -21.29 and in the 1H NMR spectrum
it gave multiplet resonances for the CH2P

and CH2N protons at δ(1H) = 2.31 and 3.46

respectively and a resonance at δ(1H) = 6.89 for the NH protons.
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The ligand dpppi was

characterized in the 1H NMR spectrum by CH2N and CH2P resonances at δ 3.85 and 2.45
respectively and, in the 31P NMR spectrum, by a singlet resonance at δ -21.46.

Scheme 7.1. Synthesis of the ligand dpppa.
The structures of dpppi and dpppa are shown in Figures 7.1 and 7.2. In dpppi (Figure
7.1), the nitrogen atom has trigonal planar stereochemistry, while the phosphorus atom has the
usual trigonal pyramidal stereochemistry. In dpppa (Figure 7.2), the amide groups are roughly
planar [torsion angles O(1)-C(15)-N(1)-C(14) 3o, O(2)-C(22)-N(2)-C(23) 4o], but they are
significantly twisted out of the plane of the central C6H4 group [torsion angles O(1)-C(15)C(16)-C(21) 38o, O(2)-C(22)-C(21)-C(16) 124o]. The result of this unsymmetrical twist of the
two amide groups is that the two oxygen atoms lie on one side and the two NH groups on the
other side of the C6H4 group. There is intermolecular hydrogen bonding of the type C=O...HN to
give a supramolecular polymeric structure (Figure 7.2b). Each molecule of dpppa forms four
hydrogen bonds, using two NH donors to the neighboring molecule on one side and two C=O
acceptors to the neighboring molecule on the other side (Figure 7.2b).
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Figure 7.1.

The structure of dpppi.

Selected distances: O(1)-C(1) 1.2147(8), O(2)-C(2)

1.2105(8), C(1)-N(1) 1.3958(9), N(1)-C(2) 1.3967(8), N(1)-C(9) 1.4576(9) Å.

Figure 7.2. The structure of the ligand dpppa: (a) the molecular structure; (b) part of the
supramolecular polymeric structure formed by intermolecular hydrogen bonding (only the ipso
carbon atoms of the phenyl groups are shown). Selected distances: O(1)-C(15) 1.234(4), N(1)C(15) 1.324(4), O(2)-C(22) 1.233(4), N(2)-C(22) 1.347(5) Å.
...

...

Hydrogen bond distances:

N(1) O(1B) 2.770(4), N(2) O(2B) 3.049(4) Å. Symmetry equivalent molecules: x, 1 - y, - ½ +
z; x, 1 - y, ½ + z.
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The ligand dpppa reacted with two equivalents of [AuCl(SMe2)] to give the gold(I) complex
[Au2Cl2(µ-dpppa)], 1, as shown in Scheme 7.2. Complex 1 was sparingly soluble in chloroform
so its NMR spectrum was obtained in DMSO-d6. In the

31

P NMR spectrum, it gave a singlet

resonance at δ(31P) = 24.86 and in the 1H NMR spectrum it gave multiplet resonances for the
CH2P and CH2N protons at δ(1H) = 2.97 and 3.43 respectively and a resonance at δ(1H) = 8.51
for the NH protons. The ESI-MS of complex 1 dissolved in dichloromethane gave a major peak
at m/z = 1017.1 which corresponds to the ion [Au2Cl(dpppa)] +, formed by loss of chloride from
complex 1.

Scheme 7.2. Synthesis of complex 1.
The structure of complex 1, as the dichloromethane solvate, is shown in Figure 7.3.
There is a twofold symmetry axis passing through the center of the molecule, so the two gold
atoms are related by symmetry. The dpppa acts as a bridging ligand and, as expected, the
geometry of the gold atom is almost linear, with Cl(1)-Au(1)-P(1) 175.66(4)˚.
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Figure 7.3. A view of the structure of complex 1. Selected bond parameters: Au(1)-Cl(1)
2.291(1), Au(1)-P(1) 2.231(1) Å; Cl(1)-Au(1)-P(1) 175.66(4) ˚. Symmetry equivalent: -x, y, ½ z. There is a molecule of dichloromethane solvate, which is not shown.
As for the free ligand dpppa, the amide groups in 1 are twisted out of the plane of the C6H4
group [torsion angle O(1)-C(3)-C(4)-C(4A) 49o] to facilitate formation of intermolecular
hydrogen bonds, and each molecule forms four NH…O=C hydrogen bonds to give a
supramolecular polymeric structure (Figure 7.4). However, unlike the case with the ligand
dpppa (Figure 7.2b), each molecule of 1 uses one NH donor and one C=O acceptor in forming
hydrogen bonds to each neighboring molecule.
with N…O 2.848(4) Å (Figure 7.4).
182

All hydrogen bonds are symmetry equivalent

Figure 7.4. Part of the supramolecular polymeric structure of complex 1. Hydrogen bond
distance: O(1)...N(1D) 2.848(4) Å.
The reaction of dpppa with silver trifluoroacetate occurred according to Scheme 7.3 to
give the polymeric complex [{Ag2(O2CCF3)2(µ-dpppa)}n], whose repeat unit is shown as 2. At
room temperature, the

31

P NMR of complex 2 dissolved in CD2Cl2 contained only a broad

singlet, with no 1J(AgP) coupling observed, indicating that the Ag-P bonds are labile. However, at
-80 oC, the peak appeared as a broad doublet with the mean value of 1J(109AgP) and 1J(107AgP)
about 720 Hz (Figure 7.5). The ESI-MS of complex 2 dissolved in dichloromethane gave two
major peaks; one at m/z = 695.1, which corresponds to the ion [Ag(dpppa)] +, and another at m/z
= 915.0, which corresponds to the ion [Ag2(OCOCF3)(dpppa)]+.
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Scheme 7.3. Synthesis of complex 2. Complex 2 forms a polymer in the solid state by bridging
of the trifluoroacetate groups.

(a) 25 oC

(b) -40 oC

(c) -80 oC
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Figure 7.5. Variable temperature 31P NMR spectra of complex 2.
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-8

-9

The structure of the repeat unit of complex 2 is shown in Figure 7.6. The dpppa ligand is
tetradentate, as it bridges between the two silver(I) centers by coordinating through two
phosphine and two carbonyl donor groups. The NH groups act as intramolecular hydrogen bond
donors to one carbonyl group of each trifluoroacetate ligand [N(1)…O(2) 2.93 Å, N(2)...O(4) 2.84
Å]. There is an approximate two-fold axis of symmetry that bisects the central C6H4 group, but
there is no crystallographically imposed symmetry (Figure 7.6).
The polymeric structure of complex 2 is shown in Figure 7.7. The repeat units are connected
in a head-to-head fashion by bridging trifluoroacetate groups, forming 4-membered rings
Ag(1)O(1)Ag(1A)O(1A) and Ag(2)O(3)Ag(2B)O(3B). Each silver(I) center has distorted
tetrahedral stereochemistry, with AgPO3 coordination.

Figure 7.6. The structure of complex 2, with only the ipso carbon atoms of the phenyl groups
shown, for clarity.

Selected bond parameters: Ag(1)-P(1) 2.3522(7), Ag(1)-O(6) 2.466(2),

Ag(1)-O(1) 2.407(1) Å; P(1)-Ag(1)-O(6) 112.93(3), P(1)-Ag(1)-O(1) 135.51(3), O(1)-Ag(1)O(6) 82.55(4)˚.
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Figure 7.7. View of the polymeric structure of complex 2. Only the ipso carbon atoms of the
phenyl groups attachedare shown. Selected bond parameters involving symmetry related disilver
units: Ag(1)-O(1A) 2.290(1) Å; P(1)-Ag(1)-O(1A) 139.91(3), O(1)-Ag(1)-O(1A) 75.02(4),
O(1A)-Ag(1)-O(6) 93.46(4)˚. Symmetry equivalent molecules: A, 2-x, 1-y, 1-z; B, 2-x, 1-y, 2-z.
7.3

Conclusions

In conclusion, this work has shown that the new ligand dpppa and its complex [Au2Cl2(µdpppa)], 1, form supramolecular ribbon polymers by the classic NH…O=C hydrogen bonding
between amide groups.16,17,24-28 The orientation of the hydrogen bonds in the two compounds is
different (Figures 7.2b and 7.4) but it is clearly possible to design the overall supramolecular
structure by using the preferred motif of amide hydrogen bonds in this case. In contrast, the
silver(I) complex [{Ag2(O2CCF3)2(µ-dpppa)}n] is best considered as a coordination polymer
(Figure 7.7). Instead of the classic intermolecular NH…O=C hydrogen bonds between amide
groups, the NH…O=C hydrogen bonds are formed to a carbonyl group of trifluoroacetate, while
the carbonyl groups of the dpppa ligand are coordinated to silver(I). The complication arises as a
result of the tendency of silver(I) to adopt a higher coordination number compared to gold(I), and
also from the higher affinity of silver(I) for oxygen donor ligands.16,28 In terms of its
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coordination chemistry, dpppa is shown to behave as a bidentate (P,P-donor) bridging ligand to
gold(I) but as a tetradentate (P,P,O,O-donor) bridging ligand to silver(I).
7.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and
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P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario.
1,2-C6H4(CONHCH2CH2PPh2)2, dpppa, and 1,2-C6H4(CO)2NCH2CH2PPh2, dpppi.
To a solution of 2-(diphenylphosphinoethyl)amine (1.0 g, 4.36 mmol) and triethylamine (4 mL)
in CHCl3 (10 mL) was added dropwise a solution of phthaloyl dichloride (0.3 g, 1.45 mmol) in
CH2Cl2 (10 mL). After stirring for 12 h., the reaction mixture was washed with water (3 x 10
mL), the organic layer was separated, dried over MgSO4, then filtered, and the solvent was
evaporated under vacuum. The products were separated by column chromatography. Elution
with 30:70 EtOAc/hexane gave dpppi and then elution with 60:40 EtOAc/hexane gave dpppa.
The solvent was evaporated to give dpppi or dpppa as a white solid, each of which was dried
under vacuum. Data for dpppi: yield 0.20g, 38%; NMR in CDCl3: δ(1H) = 7.58 - 7.80 [m, 4H,
C6H4]; 7.45-7.21 [m, 10H, Ph]; 3.85 [m, 2H, NCH2]; 2.45 [m, 2H, CH2P]; δ (31P) = -21.46 [s].
ESI-MS: m/z = 359.2. Calc. 359.11. Anal. Calcd. for C22H18NO2P: C, 73.53; H, 5.05; N, 3.90.
Found: C, 73.60; H, 5.11; N, 4.06 %. Single crystals of dpppi, which co-crystallized with some
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phosphine oxide [δ(31P) = 28.63, s], were obtained by the slow evaporation of a solution of the
compound dissolved in ethyl acetate. Data for dpppa: yield 0.35g, 40%. NMR in CDCl3: δ(1H)
= 7.25-7.43 [m, 24H, Ph and C6H4]; 6.89 [m, 2H, NH]; 3.46 [m, 4H, CH2N]; 2.31 [m, 4H,
CH2P]; δ (31P) = -21.29 [s]. ESI-MS: m/z = 588.1. Calc. 588.2. Single crystals of dpppa were
grown by slow diffusion of n-pentane into a solution of the compound dissolved in chloroform.
Anal. Calcd. for C36H34N2O2P2: C, 73.46; H, 5.82; N, 4.76. Found: C, 73.33; H, 5.98; N, 4.56 %.
[Au2Cl2(dpppa)], 1.
To a solution of dpppa (0.1g, 0.170 mmol) dissolved in CH2Cl2 (10 mL) was added a solution of
[AuCl(SMe2)] (0.10g, 0.34 mmol) in CH2Cl2 (5 mL). Upon addition, a colorless precipitate was
formed immediately. After allowing the reaction to stir for ca. 5 h., the solvent was evaporated
and the product was isolated, washed with pentane (3x5 mL) and ether (3x5 mL) and dried under
high vacuum. Yield: 0.15 g, 83%. NMR in DMSO-d6: δ(1H) = 8.51 [br, 2H, NH]; 7.28 - 7.87 [m,
24H, Ph and C6H4]; 3.43 [m, 4H, NCH2]; 2.97 [m, 4H, CH2P]; δ(31P) = 24.86 [s]. Single crystals
of complex 1.CH2Cl2 were grown by slow diffusion of n-pentane into a solution of the
compound dissolved in dichloromethane, acetone, methanol, DMSO and chloroform (0.1 mL of
each). Anal. Calcd. for C37H36Au2Cl4N2O2P2: C, 39.04; H, 3.19; N, 2.46 %. Found: C, 39.02; H,
2.87; N, 2.54 %.
[Ag2(OCOCF3)2(dpppa)], 2.
To a stirred solution of dpppa (0.10 g, 0.170 mmol) in dry CH2Cl2 (15 mL) was added a solution
of silver trifluoroacetate (0.075 g, 0.34 mmol) in THF (5 mL). After 10 h., the solvent was
removed under vacuum and a white solid was obtained which was washed with pentane (3x5
mL) and ether (3x5 mL) and then dried under high vacuum. Yield: 0.13 g, 75 %. NMR in
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CD2Cl2: δ(1H) = 8.86 [br, 2 H, NH]; 7.78-7.30 [m, 24H, Ph and C6H4]; 3.61[m, 4H, NCH2]; 2.68
[m, 4H, CH2P]; δ(31P) = -2.65 [s]. Single crystals of complex 2 were grown by slow diffusion of
n-pentane into a solution of the compound dissolved in dichloromethane and chloroform. Anal.
Calcd. for C40H34Ag2F6N2O6P2: C, 46.63; H, 3.33; N, 2.72 %. Found: C, 46.37; H, 3.30; N, 2.88
%.
X-ray Structure Determination: X-ray data were obtained and solutions were determined by
both Ms. A. Borecki and Dr P. D. Boyle in this chapter. Suitable crystals were mounted on a
glass fibre and data was collected at low temperature (- 123 ˚C) K on a Bruker Apex II CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 7.1: Crystallographic data for complex dpppi
Empirical Formula

C22 H18 N O2 P

Formula Weight

360.11

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 9.364(2) Å

α = 63.414(9)°

b = 10.099(2) Å

β = 76.315(10)°

c = 11.111(3) Å

γ = 71.406(11)°

Volume

885.1(4) Å3

Z

2

Density (calculated)

1.356 mg/m3

Absorption Coefficient (µ)

0.172 mm-1

Crystal Size

0.169 × 0.412 × 0.421 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.038

Final R indices [I>2σ(I)]

R1= 0.0443, wR2 = 0.1018

R indices (all data)

R1 =0.0615, wR2 = 0.1163
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Table 7.2: Crystallographic data for complex dpppa
Empirical Formula

C36 H34 N2 O2 P2

Formula Weight

588.59

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 11.8968(9) Å

α = 90°

b = 27.634(2) Å

β = 98.554(5)°

c = 9.5537(8) Å

γ = 90°

Volume

3105.9(4) Å3

Z

4

Density (calculated)

1.259 mg/m3

Absorption Coefficient (µ)

0.175 mm-1

Crystal Size

0.03 x 0.06 x 0.13 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.021

Final R indices [I>2σ(I)]

R1= 0.0604, wR2 = 0.1309

R indices (all data)

R1 = 0.0814, wR2 = 0.1530
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Table 7.3: Crystallographic data for complex 1.CH2Cl2
Empirical Formula

C37 H36 Au2 Cl4 N2 O2 P2

Formula Weight

1138.35

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

C 2/c

Unit Cell Dimensions

a = 33.585(9) Å

α = 90°

b = 12.155(3) Å

β = 93.540(10)°

c = 9.658(2) Å

γ = 90°

Volume

3935.0(17) Å3

Z

4

Density (calculated)

1.922 mg/m3

Absorption Coefficient (µ)

7.836 mm-1

Crystal Size

0.031 x 0.036 x 0.33 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.022

Final R indices [I>2σ(I)]

R1= 0.0434, wR2 = 0.0789

R indices (all data)

R1 = 0.0511, wR2 = 0.0928
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Table 7.4: Crystallographic data for complex 2
Empirical Formula

C40 H34 Ag2 F6 N2 O6 P2

Formula Weight

1030.37

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 11.128(3) Å

α = 72.428(12)°

b = 13.002(4) Å

β = 74.971(11)°

c = 15.233(4) Å

γ = 78.552(10)°

Volume

2011.8(10) Å3

Z

2

Density (calculated)

1.701 mg/m3

Absorption Coefficient (µ)

1.130 mm-1

Crystal Size

0.173 x 0.177 x 0.200 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.101

Final R indicies [I>2σ(I)]

R1= 0.0424, wR2 = 0.0896

R indicies (all data)

R1 = 0.0561, wR2 = 0.0997
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Chapter 8

Organoplatinum chemistry with a dicarboxamidediphosphine ligand: hydrogen bonding, cyclometalation
and a complex with metal-metal donor-acceptor bonds

A version of this chapter has been published; Nasser, N.; Boyle, P. D.; Puddephatt, R. J.
Organometallics, 2013, 32, 5504.
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8.1

Introduction
Ligands which contain both a phosphine and an amine or carboxamide group are proving to

be useful in catalysis or molecular materials for sensing and other applications.1 The phosphine
groups are typically used to bind to transition metal ions while the carboxamide groups engage in
hydrogen bonding, with the role to recognize substrates for catalysis or sensing, or to increase
dimensionality in molecular materials.1,2 Some typical examples are shown in Chart 8.1. The
simplest ligands contain one phosphine and one carboxamide, as in dpb and bdp.3 However,
more complex examples, such as dpfca (Chart 8.1), which contains two phosphines and one
carboxamide group have also been used.1,3 Diphosphine dicarboxamide ligands, such as dppbH,4
have been studied, and chiral analogs, such as the Trost and Morimoto ligands (Chart 8.1), have
proved to be particularly useful in catalysis.5 The application of the related para, meta and
ortho-substituted dicarboxamide ligands dppeta, dpipa and dpppa (Chart 8.1) in the synthesis of
coordination and supramolecular polymers has also been reported.6 All of these diphosphine
dicarboxamide ligands can act as cis or trans chelating ligands or as bridging diphosphine
ligands, while the carbonyl group can also coordinate, and the NH groups can act as hydrogen
bond donors or can be deprotonated to give amido complexes.1-6
The versatility of the ligands dpipa and dppeta (Chart 8.1) in organometallic chemistry has
been established earlier.6 For example, some chemistry of dpipa with the dimethylplatinum(II)
complex [Pt2Me4(µ-SMe2)2], 1, is illustrated in Scheme 8.1.

The reaction with stoichiometry

dpipa:1 = 2:1 gave an equilibrium mixture of monomeric and dimeric dimethylplatinum(II)
complexes A and B, each of which contained an unusual NH...Pt hydrogen bond. Heating this
mixture caused loss of methane with formation of the PNC-pincer complex C, in which each
ligand is doubly cyclometalated by activation of an N-H bond and an aromatic C-H bond. On
197

the other hand, the reaction with stoichiometry dpipa:1 = 1:1 in DMSO solution gave an
intermediate, tentatively identified as D, which eliminated methane on heating to give the bisPNC-pincer complex E, in which each dpipa ligand has been quadruply cyclometalated by
activation of both N-H bonds and two aromatic C-H bonds.6
This chapter reports a study of related organoplatinum chemistry of the ligand dpppa. Its
dimethylplatinum(II) complexes feature similar NH...Pt hydrogen bonding as in complexes A and
B (Scheme 8.1), but the cyclometalation chemistry involves only the N-H bonds and an
unexpected complex containing two platinum-platinum donor acceptor bonds was formed.

Chart 8.1. Examples of phosphine-carboxamide ligands.
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Scheme 8.1. Some organometallic chemistry of the ligand dpipa. Stoichiometry dpipa:1 is 2:1
to form A, B,C and 1:1 to form D, E.
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8.2

Results and discussion
The reaction of dpppa with cis/trans-[PtCl2(SMe2)2], 2a, in 1:1 ratio gave the complex

[PtCl2(dpppa)], 3, according to Scheme 8.2. In the 31P NMR spectrum, complex 3 gave a singlet
resonance at δ(31P) = 1.69, with 1J(PtP) = 3630 Hz in the range expected for a complex with
phosphorus trans to chloride.4,7 In the 1H NMR spectrum, the NH resonance was at δ = 7.94,
significantly shifted from the value for free dpppa of 6.89, consistent with a hydrogen bonded
structure.2-4,6,8 The ESI-MS of complex 3 dissolved in dichloromethane gave a major peak at
m/z = 818.1, which corresponds to the ion [PtCl(dpppa)]+, formed by loss of chloride from
complex 3.

Scheme 8.2. Synthesis of complex 3.
The structure of complex 3 is shown in Figure 8.1. It confirms the cis chelate structure in
which each phosphine is trans to chloride. The P-Pt-P angle of P(2)-Pt(1)-P(1) 97.82(3)˚ is not
greatly distorted from the ideal 90˚, considering the large 13-membered ring resulting from
chelation. The conformation of the ligand is such that the NH groups are directed towards the
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chloride ligands, with distances Cl(1)...N(2) 3.157(3) Å and Cl(2)...N(1) 3.358(3) Å. These
distances are clearly different, but both are in the accepted range of 3.1 – 3.4 Å for NH...Cl
hydrogen bonds.9

Figure 8.1. View of the structure of complex 3. Selected bond parameters: Pt(1)-Cl(1) 2.3623(9),
Pt(1)-Cl(2) 2.362(1), Pt(1)-P(2) 2.258(1), Pt(1)-P(1) 2.2534(9) Å; Cl(1)-Pt(1)-Cl(2) 86.35(3),
Cl(1)-Pt(1)-P(2) 88.20(3), P(2)-Pt(1)-P(1) 97.82(3), P(1)-Pt(1)-Cl(2) 87.59(3)˚. Hydrogen bond
distances: Cl(1)...N(2) 3.157(3), Cl(2)...N(1) 3.358(3) Å. The estimated hydrogen bond angles are
N(1)H(1)Cl(2) 148o and N(2)H(2)Cl(1) 128o.
The reaction of dpppa with [Pt2Me4(µ-SMe2)2] in a 2:1 ratio gave a mixture of products
from which the monomeric and dimeric dimethylplatinum(II) complexes 4a and 4b were
crystallized and structurally characterized (Scheme 8.3, Figures 8.2 and 8.3). Both complexes
have cis-PtMe2P2 coordination but the monomer 4a has chelating dpppa (Figure 8.2) and the
dimer 4b has bridging dpppa ligands (Figure 8.3). The two halves of the dimer 4b are related by
a center of inversion. Both complexes 4a and 4b have one NH...Pt hydrogen bond for each
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dimethylplatinum(II) unit, and the ligand must twist to allow the short NH…Pt contact (compare
Figures 8.2 and 8.3). In complex 4a (Figure 8.2) the two Pt...N distances are similar [Pt(1)...N(1)
3.599(3), Pt(1)...N(2) 3.463(3) Å] but the estimated Pt...H distances are not [Pt(1)...H(1) 3.57,
Pt(1)...H(2) 2.65 Å] since only H(2) is oriented towards the platinum center. In complex 4b
(Figure 8.3), the NH...Pt bond appears somewhat stronger with Pt(1)...N(1) 3.258(4) Å and
estimated Pt(1)...H(1) 2.47 Å. In complex 4a, the only hydrogen bond is the NH...Pt bond but, in
complex 4b, there are also two intramolecular NH...O=C hydrogen bonds, with O(1)...N(2) and
O(1A)…N(2A) 2.772(4) Å, and also a weaker hydrogen bond to a chloroform solvate molecule
with O(1)...C(1S) 3.12 Å. The NH...Pt hydrogen bonding in the dpppa complexes 4a and 4b is
directly comparable to that in the related dpipa complexes A and B (Scheme 8.1).

Scheme 8.3. Reaction of dpppa with [Pt2Me4(µ-SMe2)2] in 2:1 ratio.
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Figure 8.2. A view of the structure of complex 4a. Selected bond parameters: Pt(1)-C(1)
2.106(4), Pt(1)-C(2) 2.110(3), Pt(1)-P(2) 2.300(1), Pt(1)-P(1) 2.306(1), Pt(1)...N(1) 3.599(3),
Pt(1)...N(2) 3.463(3) Å; P(1)-Pt(1)-P(2) 98.31(3), C(1)-Pt(1)-C(2) 82.4(1), P(1)-Pt(1)-C(1)
90.6(1), P(2)-Pt(1)-C(2) 88.75(9)˚.

Figure 8.3. A view of the structure of complex 4b. Selected bond parameters: Pt(1)-P(1)
2.310(1), Pt(1)-P(2) 2.297(1), Pt(1)-C(2) 2.083(6), C(1)-Pt(1) 2.109(4), Pt(1)...N(1) 3.258(4),
Pt(1)...N(2) 5.329(3) Å; P(2)-Pt(1)-C(2) 90.1(1), P(2)-Pt(1)-P(1) 99.56(4), P(1)-Pt(1)-C(1)
89.0(1), C(1)-Pt(1)-C(2) 81.2(2)˚. Symmetry equivalent: 1-x, -y, -z.
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The
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P NMR spectrum for the initial mixture of products of reaction of dpppa with

[Pt2Me4(µ-SMe2)2] in 2:1 ratio is shown in Figure 8.4a, and was initially difficult to interpret.
However, recrystallization gave two batches of crystals, one containing only 4a (Figure 8.4b)
and one containing crystals of both 4a and 4b (Figure 8.4c). Thus 4a gives a sharp singlet
resonance at δ(31P) = 7.08, 1JPtP = 1814 Hz, while 4b gives a broad singlet resonance at δ(31P) =
10.28, 1JPtP = 1760 Hz. The isomers interconvert only slowly at room temperature. The low
values of 1JPtP are characteristic of platinum(II) complexes with the phosphine trans to a methyl
group.7 In the initial 31P NMR spectrum (Figure 4a), the resonances for 4a and 4b are observed
but two additional singlet resonances are also present, labeled F [δ(31P) = 11.18, 1JPtP = 1790 Hz]
and G [δ(31P) = 11.80, 1JPtP = 1800 Hz], for which the coupling constants also indicate phosphine
trans to methyl, but these peaks could not be assigned and the compounds could not be obtained
in pure form. The ESI-MS of the initial reaction mixture dissolved in dichloromethane gave two
major peaks at m/z = 798.2, which corresponds to the ion [PtMe(dpppa)]+, and at m/z = 1649.4,
which corresponds to the ion [Pt2Me4(dpppa)2]Na+. These peaks are consistent with the presence
of a mixture of 4a and 4b, but they give no insight into the structures of F and G.
In order to observe a single 31P NMR resonance, each complex 4a and 4b must undergo
dynamic exchange of the hydrogen bond between the N(1)H and N(2)H donors. At -80˚C, the
monomer (4a) still showed a single resonance in the 31P NMR spectrum, but the dimer (4b) gave
two broad resonances [δ(31P) = 14.6, 1JPtP ca. 1920 Hz and 3.9, 1JPtP ca. 1670 Hz], with
coalescence temperature of about -60˚C, giving, from the Eyring equation, an approximate
activation energy of 9 kcal mol-1. The fluxionality for 4b involves breaking both NH...Pt and
both NH...O=C hydrogen bonds and then twisting the ligands to form the symmetry equivalent
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hydrogen bonds, whereas for 4a it only involves twisting of the ligand to replace one NH...Pt
hydrogen bond by another. It is not surprising therefore that fluxionality is more difficult for 4b.

Figure 8.4.

31

P NMR spectra (162 MHz, CDCl3 solution, 298 K) of (a) the initial mixture

obtained in the reaction of Scheme 3; (b) the crystals of 4a; (c) the crystal mixture of 4a and 4b.
The reaction of dpppa with [Pt2Me4(µ-SMe2)2], 1, in 1:1 ratio again gave a mixture of
products, including 4a and 4b, but the
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P NMR spectrum indicated the formation of a new

complex, 5, which gave two resonances at δ(31P) = 23.63, 1JPtP = 3230 Hz, 2JPtP = 1380 Hz, 3JPP
= 8 Hz, and δ(31P) = 2.87, 1JPtP = 926 Hz, 3JPP = 8 Hz. Recrystallization gave a mixture of
colorless crystals of 4a and yellow crystals of 5. The ESI-MS of the isolated crystals of complex
5 dissolved in dichloromethane, with NaI added, gave a major peak at m/z = 2067.4, which
corresponds to the ion [Pt4Me6(dpppa-H)2]Na+. Complex 5 was finally characterized to be
[{Me2Pt(µ3-κ4-P,O,N`,P`-Ph2PCH2CH2NHCOC6H4CONCH2CH2PPh2)PtMe}2] by a structure
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determination. The formation of 5 is depicted in Scheme 8.4. It involves activation of one N-H
bond of each dpppa ligand and one methylplatinum bond of 1, with elimination of methane, and
displacement of the dimethylsulfide ligands from 1.

Scheme 8.4. The synthesis of complex 5.

The remarkable structure of complex 5, which crystallized as a chloroform solvate, is
shown in Figure 8.5.

There are four platinum atoms in the molecule, two having square

pyramidal PtMe2POPt coordination and two having square planar PtMePNPt coordination. Each
Pt-Pt bonded unit can be considered as a “T-over-square” complex containing a donor-acceptor
metal-metal bond, with the dimethylplatinum center as donor and the monomethylplatinum
center as acceptor.11 Each platinum(II) center then has the favored 16-electron configuration.
Some related examples H, I, J are shown in Chart 8.2, but the formation of the donor-acceptor
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bond during cyclometalation and the presence of two donor-acceptor bonds in the same molecule
appear to be unprecedented.11 While the coordination of the amide nitrogen in 5 was not
unexpected,4,6 the coordination of the carbonyl group to the soft platinum center was a surprise.
Each Pt-Pt donor-acceptor bond is supported by the bridging amidate N-C=O unit. Bridging
amidates are well known in inorganic complexes, including diplatinum(III) complexes (complex
K, Chart 8.2), but they are uncommon in organoplatinum chemistry.12 In the bridging amidate
groups, the NC bonds [N(1)-C(9) 1.30(1), N(4)-C(52) 1.28(1) Å] are on average slightly shorter
than the CO bonds [O(1)-C(9) 1.31(1), O(4)-C(52) 1.30(1) Å], whereas in the amide groups the
CO bonds are shorter [N(2)-C(16) 1.34(1), O(2)-C(16) 1.25(1), N(3)-C(45) 1.28(1), O(3)-C(45)
1.24(1) Å], indicating that both resonance forms shown in Scheme 8.4 are significant. The Pt-Pt
distances [Pt(1)-Pt(2) 2.6491(7), Pt(3)-Pt(4) 2.6495(9) Å] are comparable to those in related
complexes [2.769(1) Å in H; 2.6491(4) Å in I, Chart 8.2].11 The distance Pt(1)-P(1) 2.164(3) Å
is short, and comparison with distances in 3, 4a and 4b indicates that the trans-influence series is
Me- (4a, 4b) > Cl- (3), NR2- (7, 8, 9, see below) > PtMe2PO (5), and so that the platinum donor
has a particularly low trans-influence. This is consistent with the large value of the coupling
constant 1J(PtP) = 3230 Hz for the P(1) atom in 5.7 The two remaining NH groups in 5 are
hydrogen bonded to carbonyl groups [N(2)...O(4) 2.77, N(3)...O(1) 2.76 Å] and the other two
carbonyl groups are weakly hydrogen bonded to chloroform solvate molecules [O(2)...C(1X)
3.17, O(3)...C(1Y) 3.13 Å]. The NH...O=C hydrogen bonds are intramolecular but interligand, in
contrast to 4b, in which intraligand hydrogen bonding is observed (Figure 8.3).
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Figure 8.5. The structure of complex 5. The phenyl groups are not shown, for clarity. Selected
bond parameters: Pt(1)-Pt(2) 2.6491(7), Pt(1)-P(1) 2.164(3), Pt(1)-N(1) 2.098(8), Pt(1)-C(1)
2.06(1), Pt(2)-P(3) 2.327(3), Pt(2)-O(1) 2.149(7), Pt(2)-C(2) 2.03(1), Pt(2)-C(3) 2.07(1),
Pt(3)-Pt(4) 2.6495(9), Pt(3)-P(4) 2.159(3), Pt(3)-N(4) 2.105(9), Pt(3)-C(4) 2.05(1), Pt(4)-P(2)
2.325(3), Pt(4)-O(4) 2.150(7), Pt(4)-C(5) 2.03(1), Pt(4)-C(6) 2.08(1), N(1)-C(9) 1.30(1), O(1)C(9) 1.31(1), N(2)-C(16) 1.34(1), O(2)-C(16) 1.24(1), N(3)-C(45) 1.34(1), O(3)-C(45) 1.24(1),
N(4)-C(52) 1.28(4), O(4)-C(52) 1.30(1), N(2)...O(4) 2.77, N(3)...O(1) 2.76 Å; P(1)-Pt(1)-Pt(2)
168.08(8), P(4)-Pt(3)-Pt(4) 168.00(8) ˚.
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Chart 8.2. Compounds H, I, J with donor-acceptor bonds, and a diplatinum(III) complex K
(ON = amidate).
The formation of complex 5 (Scheme 8.4) involves elimination of methane, by
combination of N-H and Pt-Me groups. In principle, elimination of methane from 4a, 4b or 5
could give further amidoplatinum(II) complexes. However, heating complex 4a/4b to 140oC in
DMSO gave only partial reaction and no pure products could be obtained. Greater success was
achieved by reaction of [PtCl2(dpppa)], 3, with silver trifluoroacetate and triethylamine, as
shown in Scheme 8.5. The reaction gives derivatives of the complex [Pt{κ4-PNNP-C6H4-1,2(CONCH2CH2PPh2)2}], 6. However, although 6 has been isolated in pure form after addition of
LiCl to remove silver ions, it has not been possible to crystallize 6 in its simple form. The
complex binds to silver and the adducts 7 = 6.AgO2CCF3.DMSO, when DMSO was present in
the recrystallization solvent mixture, or 8 = 6.(AgO2CCF3)2, when no DMSO was present, were
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formed instead (Scheme 8.5).

When the reaction was carried out as in Scheme 8.5, but then

lithium chloride was added to precipitate remaining silver compounds as AgCl, crystals of the
adduct 9 = 62.Et3NOH+CF3CO2-.H2O.CHCl3 (Figure 8.6) could be obtained. It seems that the
carbonyl groups in complex 6 are basic, and tend either to bind to Ag+ in 7 and 8 or engage in
hydrogen bonding in 9. The Et3NOH+ ion in 9 is identified crystallographically and is presumed
to be formed by oxidation of triethylamine during recrystallization in the presence of
Et3NH+CF3CO2-. Single crystals of the pure complex 6 could not be obtained but it and its
derivatives 7, 8 and 9 have very similar NMR spectra. For example, the 31P NMR spectra for 9
and 8 in CDCl3 solution gave δ(31P) = 31.27, 1JPtP = 3100 Hz, and δ(31P) = 30.80, 1JPtP = 3110 Hz,
respectively, while complex 7 in DMSO-d6 gave δ(31P) = 31.04, 1JPtP = 3090 Hz. In the ESI-MS,
complexes 7, 8 and 9 all gave a major peak at m/z = 782.2, which corresponds to 6+H+,
complexes 7 and 8 gave a peak at m/z = 1783.2, which corresponds to 62+AgO2CCF3+H+, and
complex 7 gave a peak at m/z = 2003.1, which corresponds to 62+(AgO2CCF3)2+H+.

210

Scheme 8.5. Synthesis of complex 6 and its silver(I) adducts.
In the adduct 9, Figure 8.6, there is a molecule of 6 (Figure 8.6a) and a molecule of
[6.Et3NOH]+, (Figure 8.6b), in which the Pt(1) molecule of 6 is strongly hydrogen bonded to the
Et3NOH+ cation [O(1A)...O(1XA) 2.603(8) Å]. The structure confirms that the complex has the
diamido-diphosphine-platinum(II) coordination observed previously in related compounds.4 The
structure contains two 5-membered rings and one 7-membered ring in the boat conformation, and
this structure is also observed in the silver(I) adducts 7 and 8.
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Figure 8.6. Views of the two platinum compounds in 9: (a) the Pt(2) molecule of 6, and (b) the
Pt(1) molecule of [6.Et3NOH]+.

Selected bond parameters: Pt(1)-P(1A) 2.235(1), Pt(1)-P(2A)

2.236(1), Pt(1)-N(2A) 2.071(3), Pt(1)-N(1A) 2.049(3), N(1X)-O(1X) 1.414(7) Å; N(1A)-Pt(1)N(2A) 92.6(1), N(1A)-Pt(1)-P(1A) 79.72(9), P(2A)-Pt(1)-N(2A) 83.91(9), P(2A)-Pt(1)-P(1A)
103.14(4)˚. For the Pt(2) molecule, which has no strong H-bonds: Pt(2)-P(1B) 2.242(1), Pt(2)P(2B) 2.241(1), Pt(2)-N(1B) 2.048(3), Pt(2)-N(2B) 2.051(3) Å; N(1B)-Pt(2)-N(2B) 93.3(1),
N(1B)-Pt(2)-P(1B) 79.91(9), P(1B)-Pt(2)-P(2B) 102.84(4), N(2B)-Pt(2)-P(2B) 83.2(1)˚.
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The structure of complex 7 is shown in Figure 8.7. It can be considered to contain an
Ag2(µ-dmso)2 core,13 with each silver ion coordinated by a trifluoroacetate ion on one side and
by a carbonyl group from a molecule of complex 6 on the other.

Figure 8.7. View of the structure of complex 7. Phenyl groups attached to phosphorus atoms are
omitted for clarity. Selected bond parameters: Pt(1)-P(1) 2.2483(9), Pt(1)-P(2) 2.2340(9), Pt(1)N(1) 2.044(2), Pt(1)-N(2) 2.059(2), Ag(1)-O(3) 2.314(3), Ag(1)-O(2) 2.212(2), Ag(1)-O(5)
2.573(5), Ag(1)-O(5A) 2.342(4) Å; P(1)-Pt(1)-P(2) 102.45(2), P(1)-Pt(1)-N(1) 83.88(6), N(1)Pt(1)-N(2) 92.99(8), N(2)-Pt(1)-P(2) 79.91(6), O(2)-Ag(1)-O(3) 120.1(1), O(5)-Ag(1)-O(3)
104.5(1), O(5)-Ag(1)-O(3) 94.7(1), O(5)-Ag(1)-O(2) 96.7(1), Ag(1)-O(5)-Ag(1) 98.0(1), O(5)Ag(1)-O(5) 82.0(1)˚.
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In the structure of complex 8, there are two crystallographically independent molecules
of 6, each of which is coordinated first to an Ag2(O2CCF3)2 unit using both carbonyl groups as
ligands (Figure 8.8).

In the Pt(1) molecule, which is also depicted in Scheme 8.5, one

trifluoroacetate ligand bridges between silver(I) ions, with Ag(1)-O(5A) 2.247(4) and Ag(2)O(6A) 2.227(3) Å, while the other bridges and also chelates to Ag(2), with Ag(1)-O(3A)
2.405(4), Ag(2)-O(3A) 2.572(5), Ag(2)-O(4A) 2.536(4) Å.

In the Pt(2) molecule, one

trifluoroacetate bridges between silver(I) ions, with Ag(3)-O(5B) 2.434(5), Ag(4)-O(6B)
2.392(5) Å, while the other bridges through a single oxygen donor, with Ag(3)-O(3B) 2.333(5),
Ag(4)-O(3B) 2.308(4) Å.
The building blocks of [6.(AgO2CCF3)2], which are illustrated in Figure 8.8, undergo
self-association to give coordination polymers, as shown for the Pt(1) molecules in Figure 8.9.
Each carbonyl oxygen donor bridges between equivalent silver(I) ions to give 4-membered
Ag2(µ-6)2 rings, with Ag(1)-O(1A) 2.410(4) and Ag(1A)-O(1A) 2.429(4) Å on one side and
Ag(2)-O(2A) 2.310(3) and Ag(2B)-O(2A) 2.472(4) Å on the other side. There is a center of
symmetry at the middle of each 4-membered ring. Repetition of this self-assembly gives rise to
the polymer, and the Pt(2) molecules undergo the same type of self-assembly to give a very
similar polymer.

Overall, in the Pt(1) polymer, the Ag(1) centers are 4-coordinate

[Ag(1)O(1A)O(1AA)O(3A)O(5A)]

and

the

Ag(2)

centers

are

5-coordinate

[Ag(2)O(2A)O(2AB)O(3A)O(4A)O(6A)] while, in the Pt(2) polymer, both silver ions are 4coordinate [Ag(3)O(1B)O(1BA)O(3B)O(5B) and Ag(4)O(2B)O(2BB)O(3B)O(6B)].
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Figure 8.8. Views of the structure of complex 8. Above, the Pt(1) molecule and , below, the
Pt(2) molecule. Selected bond distances: Pt(1)-P(1A) 2.244(2), Pt(1)-P(2A) 2.249(1), Pt(1)N(1A) 2.071(4), Pt(1)-N(2A) 2.055(5), Ag(1)-O(3A) 2.405(4), Ag(1)-O(5A) 2.247(4), Ag(1)O(1A) 2.410(4), Ag(1)-O(1AA) 2.429(4), Ag(2)-O(4A) 2.536(4), Ag(2)-O(3A) 2.572(5), Ag(2)O(2A) 2.310(3), Ag(2)-O(2AB) 2.472(4), Ag(2)-O(6A) 2.227(3); Pt(2)-P(1B) 2.249(2), Pt(2)P(2B) 2.250(1), Pt(2)-N(1B) 2.058(3), Pt(2)-N(2B) 2.057(5), Ag(3)-O(3B) 2.333(5), Ag(3)O(5B) 2.434(5), Ag(3)-O(1B) 2.432(4), Ag(3)-O(1BA) 2.381(4), Ag(4)-O(6B) 2.392(5), Ag(4)O(3B) 2.308(4), Ag(4)-O(2B) 2.450(3), Ag(4)-O(2BB) 2.302(5) Å.
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Figure 8.9. Part of the polymeric structure of complex 8, showing the Pt(1) molecules only.
The Pt(2) molecules form a very similar polymer.
The analogous diamido-diphosphine complex of platinum(II), L, Chart 8.3, appears to be
much less basic than 6.

Thus complex L forms spontaneously by reaction of [PtCl2(1,5-

cyclooctadiene)] with dppbH (Chart 8.1), without the need for added base, and is not easily
protonated.4 Complex 6 contains two 5-membered and one 7-membered chelate ring, while L
contains one 5-membered and two 6-membered rings. Both 6 and L contain essentially planar
nitrogen atoms and more extensive delocalization of the pπ lone pair is possible in L, which has
extra phenylene groups compared to 6.4 Structural data suggest that hydrogen bonding or
coordination of 6 to E+ (Chart 8.3, E = H or Ag) gives resonance forms M and N, with significant
contribution from the imine form N. Thus in the Pt(1) molecule of 9 (E = Et3NOH+, Figure 8.6),
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the distance N(1A)-C(3A) = 1.312(6) Å is shorter than N(2A)-C(10A) = 1.347(6) Å and O(1A)C(3A) = 1.262(6) Å is longer than O(2A)-C(10A) 1.242(5) Å and, in complex 7 (E = Ag+, Figure
8.7), N(2)-C(10) = 1.321(3) Å is shorter than N(1)-C(3) = 1.337(3) Å and O(2)-C(10) = 1.267(3)
Å is longer than O(1)-C(3) 1.245(3) Å.

Chart 8.3. Diamido-diphosphine complexes and adducts with E+ (E = H or Ag).
8.3

Conclusions
The chemistry described illustrates the nucleophilic character of the platinum(II) center in

dimethylplatinum(II) complexes by formation of hydrogen bonds in the complexes
[PtMe2(dpppa)], 4a, and [Pt2Me4(µ-dpppa)2], 4b, and Pt-Pt donor-acceptor bonds in [Pt4Me6(µdpppa-H)2], 5. The isolation of complex 5 also illustrates how the cyclometalation of dpppa
occurs in a stepwise manner, though the doubly cyclometalated complex [Pt(dpppa-2H)] can
only be isolated from the chloride precursor [PtCl2(dpppa)]. [Pt(dpppa-2H)] is also electron rich
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and forms interesting complexes with silver(I) through coordination of one or both of the
carbonyl groups.
8.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and

31

P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. All 31P NMR spectra in this chapter
are recorded as 31P{1H}. Mass spectrometric analysis was carried out using an electrospray PESciex Mass Spectrometer (ESI-MS) coupled with TOF detector. Satisfactory elemental analyses
were obtained by Guelph Chemical Laboratories, Guelph, Ontario.
[PtCl2(dpppa)], 3.
To a stirred solution of dpppa (0.10 g, 0.17 mmol) in acetone (10 mL) was added a solution of
cis/trans-[PtCl2(SMe2)2] (0.061 g, 0.17 mmol) in acetone (10 mL). The precipitate of complex 3
was collected, washed with pentane (3x5 mL) and ether (3x5 mL) and dried under high vacuum.
Yield: 0.12 g, 83%. NMR in DMSO-d6: δ(1H) = 7.94 [br, 2H, NH]; 7.72 - 7.82 [m, 4H, C6H4];
7.17 - 7.58 [m, 20H, Ph]; 3.72 [m, 4H, NCH2]; 2.99 [m, 4H, CH2P]; δ(31P) = 1.69 [s, 1JPtP = 3630
Hz]. Single crystals of complex 3 were grown by slow diffusion of n-pentane into a solution of
the compound dissolved in a mixture of solvents; benzene, dimethylsulfoxide, methanol,
acetone, dichloromethane and chloroform (0.1 mL of each).

Anal. Calcd. for

C36H34Cl2N2O2P2Pt: C, 50.60; H, 4.01; N, 3.28 %. Found: C, 50.87; H, 3.76; N, 3.02 %.
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[PtMe2(dpppa)], 4a, and [Pt2Me4(µ-dpppa)2], 4b.
To a solution of dpppa (0.10 g, 0.17 mmol) in CH2Cl2 (10 mL) was added a solution of
[Pt2Me4(µ-SMe2)2] (0.0488 g, 0.085 mmol) in CH2Cl2 (10 mL). The solution was allowed to stir
for 12 h., and the solvent was removed under vacuum to give a white solid product, which was
washed with ether (3 x 5 mL) and pentane (3 x 5 mL) and then dried under high vacuum. Yield
(4a+4b): 0.12 g, 87%. NMR in CDCl3: 4a, δ(1H) = 7.61 [br, 2H, NH]; 7.42 -7.60 [m, 4H, C6H4];
7.30 – 7.09 [m, 20H, Ph]; 3.92 [m, 4H, NCH2]; 2.70 [m, 4H, CH2P]; 0.21 [m, 6H, 2JPtH = 66Hz,
3

JPH = 6 Hz, PtMe2]; δ (31P) = 7.08 [s, 1JPtP = 1814 Hz]. 4b, δ(1H) = 8.11 [br, 4H, NH]; 7.70 -

7.79 [m, 4H, C6H4]; 7.36 - 7.03 [m, 44H, Ph and C6H4]; 3.68 [m, 8H, NCH2]; 2.52 [m, 8H,
CH2P]; 0.46 [m, 12H, 2JPtH = 67Hz, 3JPH = 7 Hz, PtMe2]; δ(31P) = 10.28 [s, 1JPtP = 1760 Hz].
Anal. Calcd. for C76H80N4O4P4Pt2: C, 56.09; H, 4.95; N, 3.44 %. Found: C, 56.22; H, 4.75; N,
3.15 %. Single crystals of both complexes 4a and 4b were grown by slow diffusion of n-pentane
into a solution of the compound dissolved in chloroform; typically, single crystals of both 4a and
4b were present in a given batch of crystals with the ratio dependent on concentration used.
[Pt4Me6(µ-dpppa-H)2], 5.
To a solution of dpppa (0.10 g, 0.17 mmol) in CH2Cl2 (10 mL) was added a solution of
[Pt2Me4(µ-SMe2)2] (0.10 g, 0.17 mmol) in CH2Cl2 (10 mL). A mixture of yellow and white
precipitates was obtained after allowing the solution to stir for ca. 10 h.. the yellow precipitate
was isolated by crystallization. Yield: 0.078 g, 45%. Single crystals of complex 5 were grown
by slow diffusion of n-pentane into a solution of the impure compound dissolved in chloroform.
NMR in CDCl3: δ(1H) = 8.37 [br, 2H, NH]; 7.70 - 7.21 [m, 48H, Ph and C6H4]; 4.17 [m, 4H,
NCH2]; 3.10 [m, 4H, NCH2]; 2.70 [m, 4H, PCH2]; 2.27 [m, 4H, PCH2]; 0.79 [d, 6H, 2JPtH = 50
Hz, 3JPH = 9 Hz, PtMe trans to P]; 0.63 [s, 6H, 2JPtH = 82 Hz, PtMe trans to N]; 0.08 [s, 6H, 2JPtH
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= 54 Hz, PtMe trans to O]; δ (31P) = 23.63 [d, 1JPtP = 3230 Hz, 2JPtP = 1380 Hz, 3JPP = 8 Hz]; 2.87
[d, 1JPtP = 926 Hz, 3JPP = 8 Hz]. Anal. Calcd. for C78H84N4O4P4Pt4: C, 45.79; H, 4.14; N, 2.74 %.
Found: C, 45.69; H, 4.31; N, 2.52 %.
[Pt{κ
κ4-N,N,P,P-C6H4-1,2-(CONCH2CH2PPh2)}]2, 6, and 9 = 62.Et3NOH+CF3CO2-.H2O.CHCl3.
To a solution of 3 (0.10g, 0.11 mmol) dissolved in CH2Cl2 (2 mL), acetone (2 mL) and methanol
(2 mL) was added a solution of silver trifluoroacetate (0.052 g, 0.23 mmol) in THF (5 mL). After
allowing the reaction to stir for 1 h., triethylamine (33 µL, 0.23 mmol) in CH2Cl2 (2 mL) was
added to the reaction contents. 2 h. after the triethylamine addition, lithium chloride (0.02 g, 0.47
mmol) in methanol (5 mL) was added. The reaction was allowed to stir overnight (ca. 16 h.).
AgCl precipitate was removed by filtration, the filtrate was collected, solvents were evaporated
and the product 6 was isolated as a colorless solid and washed with pentane (3x5 mL) and ether
(3x5 mL) and dried under high vacuum. Yield: 0.08 g, 87%. NMR in CDCl3: δ(1H) = 7.53 [m,
2H, C6H4]; 7.05 - 7.25 [m, 22H, Ph and C6H4]; 3.02 [m, 4H, NCH2]; 2.31[m, 4H, CH2P]; δ(31P)
= 31.27 [s, 1JPPt = 3100 Hz]. Anal. Calcd. for C36H32N2O2P2Pt: C, 55.32; H, 4.13; N, 3.58 %.
Found: C, 55.08; H, 4.10; N, 3.32 %. Single crystals of complex 9 were grown by slow diffusion
of n-pentane into a solution of a similar reaction mixture dissolved in chloroform.
[Pt{κ
κ4-N,N,P,P-C6H4-1,2-(CONCH2CH2PPh2)}]2.Ag2(OCOCF3)2(OSMe2)2, 7.
To a solution of 3 (0.10g, 0.12 mmol) dissolved in CH2Cl2 (2 mL), acetone (2 mL), methanol (2
mL) and DMSO (0.2 mL ) was added a solution of silver trifluoroacetate (0.16g, 0.70 mmol) in
THF (5 mL). After allowing the reaction to stir for 1 h., triethylamine (0.10 mL, 0.70 mmol) in
CH2Cl2 (2 mL) was added to the reaction contents. The reaction was allowed to stir overnight
(ca. 10 h.). The formed AgCl precipitate was removed by filtration. The filtrate was collected,

220

solvents were evaporated and the product was isolated as a colorless solid. The product was
washed with pentane (3x5 mL) and ether (3x5 mL) and dried under high vacuum. Yield: 0.11 g,
86%. NMR in DMSO-d6: δ(1H) = 6.94 - 7.59 [m, 48H, Ph and C6H4]; 3.11 [m, 8H, NCH2]; 2.50
[m, 12H, (CH3)2SO]; 2.17 [m, 8H, CH2P]; δ(31P) = 31.04 [s, 1JPPt = 3090 Hz]. Single crystals of
complex 7 were grown by slow diffusion of n-pentane into a solution of the compound dissolved
in dichloromethane, chloroform and benzene (0.1 mL of each). Anal. Calcd. for
C80H76Ag2F6N4O10P4Pt2S2: C, 44.46; H, 3.54; N, 2.59 %. Found: C, 44.64; H, 3.80; N, 2.50 %.
[Pt{κ
κ4-N,N,P,P-C6H4-1,2-(CONCH2CH2PPh2)2}Ag2(OCOCF3)2]n , 8.
To a solution of 3 (0.10g, 0.12 mmol) dissolved in CH2Cl2 (2 mL), acetone (2 mL) and methanol
(2 mL) was added a solution of silver trifluoroacetate (0.16g, 0.70 mmol) in THF (5 mL). After
allowing the reaction to stir for 1 h., triethylamine (0.1 mL, 0.70 mmol) in CH2Cl2 (2 mL) was
added to the reaction contents. The reaction was allowed to stir overnight (ca. 10 h.). The formed
AgCl precipitate was removed by filtration. The filtrate was collected, solvents were evaporated
and the product was isolated as a colorless solid. The product was washed with pentane (3x5
mL) and ether (3x5 mL) and dried under high vacuum. Yield: 0.12 g, 83%. NMR in CDCl3:
δ(1H) = 8.02 [m, 2H, C6H4]; 6.85 - 7.77 [m, 22H, Ph and C6H4]; 4.86 [m, 4H, NCH2]; 2.60 [m,
4H, CH2P]; δ(31P) = 30.80 [s, 1JPPt = 3110 Hz]. Single crystals of complex 5 were grown by slow
diffusion of n-pentane into a solution of the compound dissolved in dichloromethane and
chloroform (0.1 mL of each). Anal. Calcd. for C80H64Ag4F12N4O12P4Pt2: C, 39.27; H, 2.64; N,
2.29 %. Found: C, 39.02; H, 2.78; N, 2.54 %.
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X-ray Structure Determination: X-ray data were obtained and solutions were determined by
Dr. P. D. Boyle in this chapter. Suitable crystals were mounted on a glass fibre and data was
collected at low temperature (- 123 ˚C) K on a Bruker Apex II CCD or Nonius Kappa-CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 8.1: Crystallographic data for complex 3
Empirical Formula

C36 H34 Cl2 N2 O2 P2 Pt

Formula Weight

854.581

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

Pbca

Unit Cell Dimensions

a = 17.891(4) Å

α = 90°

b = 13.435(4) Å

β = 90°

c = 27.024(10) Å

γ = 90°

Volume

6495(3) Å3

Z

8

Density (calculated)

1.748 mg/m3

Absorption Coefficient (µ)

4.620 mm-1

Crystal Size

0.045 x 0.087 x 0.280 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.026

Final R indices [I>2σ(I)]

R1= 0.0432, wR2 = 0.0747

R indices (all data)

R1 =0.0560, wR2 = 0.0864
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Table 8.2: Crystallographic data for complex 4a
Empirical Formula

C38 H40 N2 O2 P2 Pt

Formula Weight

813.75

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

Pbca

Unit Cell Dimensions

a = 17.917(8) Å

α = 90°

b = 13.679(5) Å

β = 90°

c = 27.254(8) Å

γ = 90°

Volume

6680(4) Å3

Z

8

Density (calculated)

1.618 mg/m3

Absorption Coefficient (µ)

4.334 mm-1

Crystal Size

0.048 x 0.067 x 0.116 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.020

Final R indices [I>2σ(I)]

R1= 0.0435, wR2 = 0.0741

R indices (all data)

R1 = 0.0574, wR2 = 0.0911
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Table 8.3: Crystallographic data for complex 4b.(2)CHCl3
Empirical Formula

C78 H82 Cl6 N4 O4 P4 Pt2

Formula Weight

1866.23

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 10.553(3) Å

α = 107.470(12)°

b = 11.403(5) Å

β = 95.493(16)°

c = 17.128(6) Å

γ = 102.810(9)°

Volume

1887.8(12) Å3

Z

1

Density (calculated)

1.642 mg/m3

Absorption Coefficient (µ)

4.050 mm-1

Crystal Size

0.06 x 0.098 x 0.170 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

0.976

Final R indices [I>2σ(I)]

R1= 0.0502, wR2 = 0.0842

R indices (all data)

R1 = 0.0625, wR2 = 0.1072
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Table 8.4: Crystallographic data for complex 5.(4)CHCl3
Empirical Formula

C82 H88 Cl12 N4 O4 P4 Pt4

Formula Weight

2523.20

Wavelength

0.71073 Å

Crystal System

Orthorhombic

Space Group

P n a 21

Unit Cell Dimensions

a = 22.009(5) Å

α = 90°

b = 10.033(3) Å

β = 90°

c = 39.550(9) Å

γ = 90°

Volume

8733(4) Å3

Z

4

Density (calculated)

1.919 mg/m3

Absorption Coefficient (µ)

6.879 mm-1

Crystal Size

0.085 x 0.086 x 0.112 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.017

Final R indices [I>2σ(I)]

R1= 0.0440, wR2 = 0.0788

R indices (all data)

R1 = 0.0516, wR2 = 0.0902
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Table 8.5: Crystallographic data for complex (2).7 = 2[6.AgO2CCF3.dmso]
Empirical Formula

C80 H76 Ag2 F6 N4 O10 P4 Pt2 S2

Formula Weight

2158.13

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 9.911(3) Å

α = 89.381(15)°

b = 14.069(4) Å

β = 74.692(14)°

c = 15.101(4) Å

γ = 87.635(15)°

Volume

2029.3(10) Å3

Z

1

Density (calculated)

1.765 mg/m3

Absorption Coefficient (µ)

4.114 mm-1

Crystal Size

0.053 × 0.175 × 0.280 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.053

Final R indices [I>2σ(I)]

R1= 0.0419, wR2 = 0.0912

R indices (all data)

R1 = 0.0606, wR2 = 0.1099
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Table 8.6: Crystallographic data for complex (2).8 = 2[6.(AgO2CCF3)2]
Empirical Formula

C80 H64 Ag4 F12 N4 O12 P4 Pt2

Formula Weight

2446.89

Wavelength

0.71073 Å

Crystal System

Triclinic

Space Group

P 1

Unit Cell Dimensions

a = 13.121(4) Å

α = 90.921(16)°

b = 13.167(3) Å

β = 102.291(11)°

c = 27.262(6) Å

γ = 119.341(5)°

Volume

3971(2) Å3

Z

2

Density (calculated)

2.046 mg/m3

Absorption Coefficient (µ)

4.650 mm-1

Crystal Size

0.048 × 0.125 × 0.168 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.040

Final R indices [I>2σ(I)]

R1= 0.0431, wR2 = 0.0630

R indices (all data)

R1 = 0.0507, wR2 = 0. 0809
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Table 8.7: Crystallographic data for complex (0.5).9 = 6.(0.5)CHCl3.(0.5)CF3COO.(0.5)(CH3CH2)3NOH+.(0.5)H2O
Empirical Formula

C40.50 H40.50 Cl1.50 F1.50 N2.50 O4 P2 Pt

Formula Weight

965.96

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21

Unit Cell Dimensions

a = 9.969(3) Å

α = 90°

b = 27.047(7) Å

β = 92.310(8)°

c = 14.116(3) Å

γ = 90°

Volume

3802.8(16) Å3

Z

4

Density (calculated)

1.687 mg/m3

Absorption Coefficient (µ)

3.932 mm-1

Crystal Size

0.077 × 0.178 × 0.274 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.027

Final R indices [I>2σ(I)]

R1= 0.0381, wR2 = 0.0735

R indices (all data)

R1 = 0.0495, wR2 = 0.0795
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Chapter 9

Chemistry of gold(III) with pyridine-carboxamide ligands
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9.1

Introduction

Transition metal complexes with pyridine-carboxamide ligands have been shown to have
useful properties in catalysis or molecular materials, and could be useful as pharmaceuticals or
photonic materials.1-3 In catalysis, the ligands are particularly useful in oxidation reactions since
they are not themselves easily oxidized, and also in biological systems since the carboxamide
groups are compatible with proteins.4-6 Gold complexes are also useful in catalysis, biology and
molecular materials,7-10 but there are relatively few reports of complexes of gold with pyridinecarboxamide or related ligands.3,11-16 Some of these are shown in Chart 9.1. Coordination occurs
with deprotonation of the amide group and it has been suggested that this leads to enhanced
stability of the chelate complex.17-19 Simple 2-pyridyl-carboxamide ligands give neutral
complexes such as A or B (Chart 9.1), while bridged bis(2-pyridyl-carboxamide) ligands can act
as tetradentate ligands, as in C, or as bidentate ligands, as in D.11-15

Chart 9.1. 2-pyridine-carboxamide complexes of gold(III).
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In earlier papers, we have been interested in developing the chemistry of gold with
bis(phosphine-carboxamide) ligands.20-22 These ligands favor the oxidation state gold(I) and the
amide group usually does not coordinate but may take part in hydrogen bonding. In attempts to
use the gold(I) complexes in oxidation catalysis, the phosphine donors were often oxidized to
phosphine oxides, which are not good ligands for gold. Pyridine-carboxamide ligands have been
used in supramolecular chemistry with late transition metals

2,23-26

and, since they are not easily

oxidized,4 it was of interest to study their chemistry with gold(I) and gold(III) and to test the
catalytic activity of the complexes formed. The results are reported below.
9.2 Results and discussion
9.2.1 Synthesis and structures of gold(III) complexes
The reactions of the ligands 1 – 3, shown in Chart 9.2, with Na[AuCl4] were studied. In
their deprotonated forms, ligand 1 is expected to act as a bidentate anionic ligand (compare A, B
in Chart 9.1), while ligands 2 and 3 could act as tetradentate dianionic ligands (compare C, Chart
9.1) or as bidentate anionic ligands (compare D, Chart 9.1).

Chart 9.2. Pyridine-carboxamide ligands
The ligand 1 did not substitute the chloride ligands of [AuCl4]- in neutral or acidic
solution, but could react to give the pyridinium salt [PhNHC(=O)-2-C5H4NH][AuCl4], 4
(Scheme 9.1). However, a ligand substitution reaction did occur in the presence of base to give
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the complex [AuCl2(κ2-N,N’-PhNC(=O)-2-C5H4N)], 5, according to Scheme 9.1.

Several

attempts to prepare the potential complex cation [Au(κ2-N,N’-PhNC(=O)-2-C5H4N)2]+, using
excess of the ligand 1 to replace the remaining chloride ligands in 5, were unsuccessful.
Complex 4 retained the yellow color of the [AuCl4]- ion, while 5 was red in color, so the
successful substitution reaction to give 5 is readily observed.

Scheme 9.1. Synthesis of complexes 4 and 5 (B = base).
The structure of complex 4 is shown in Figure 9.1. There is complementary hydrogen
bonding NH...O=C between pyridinium NH protons and carbonyl groups of neighboring cations,
and also hydrogen bonding between the amide NH proton and a chloride ligand of the [AuCl4]anion. The heavy atoms in the cation are roughly coplanar, with the angle between the amide
group atoms [N(1)O(1)C(7)C(8)] and the pyridyl and phenyl groups being 6.9o and 3.1o
respectively, allowing good π-conjugation.
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Figure 9.1. The structure of complex 4. Selected bond distances: Au(1)-Cl(1) 2.2810(8), Au(1)Cl(2) 2.2893(8), Au(1)-Cl(3) 2.2857(8), Au(1)-Cl(4) 2.2778(9), O(1)-C(7) 1.230(4), N(1)-C(7)
1.341(4) Å. H-bond distances: O(1)...N(2A) 2.85, N(1)...Cl(3) 3.53 Å. Symmetry equivalent: A,
-x, -y, -z.
The structure of complex 5 is shown in Figure 9.2. There are two independent, but similar,
molecules in the unit cell. As in complex 4, the amide group is close to planar [e.g. sums of the
angles at C(1) and N(1) are each 359.9o], and the gold(III) centers have square planar
stereochemistry. The 2-pyridyl group is roughly coplanar with the amide group [twist is 5.7 and
11.9o for the Au(1) and Au(2) molecules respectively], but the phenyl group is twisted out of the
amide plane [ twist is 65.4 and 71.6o for the Au(1) and Au(2) molecules respectively]. This
phenyl twist is necessary to avoid steric interactions with the neighboring chloride ligand, but
will reduce π-conjugation with the amide group.
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Figure 9.2. The structures of the two independent molecules of complex 5. Selected bond
parameters:

Au(1)-N(1) 2.018(7), Au(1)-N(2) 2.013(7), Au(1)-Cl(1) 2.288(3), Au(1)-Cl(2)

2.272(2), Au(2)-N(3) 2.006(8), Au(2)-N(4) 2.022(8), Au(2)-Cl(3) 2.265(3), Au(2)-Cl(4)
2.286(3), O(1)-C(1) 1.223(11), O(2)-C(19) 1.242(11), N(1)-C(1) 1.351(11), N(3)-C(19)
1.322(12) Å; N(2)-Au(1)-N(1) 82.2(3), Cl(2)-Au(1)-Cl(1) 89.79(10), N(3)-Au(2)-N(4) 81.4(3),
Cl(3)-Au(2)-Cl(4) 89.65(10)o.
The Au(1) and Au(2) molecules of 5 stack independently through weak intermolecular
Au...Cl and, for the Au(2) molecules, Au...O secondary interactions (Figure 9.3).

Figure 9.3. Secondary bonding interactions in the packing of complex 5. Selected distances:
Au(1)...Cl(2B) 3.80, Au(2)...Cl(4A) 3.75, Au(2)...O(2B) 3.49 Å. Symmetry equivalents: A, x, ½ y, - ½ + z; B, x, ½-y, ½ + z.
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The ligands 2 and 3 reacted with Na[AuCl4] according to Scheme 9.2. In each case, the
product, 6 or 7, contained the ligand in its bidentate form, with one pyridine-carboxamide arm of
the ligand not coordinated to gold(III). Reactions were also carried out using excess Na[AuCl4],
in attempts to form a digold(III) complex with the ligand acting as a bis(bidentate), but these
were not successful. In addition, attempts to induce displacement of the remaining chloride
ligands in 6 or 7 to give a tetradentate complex analous to C (Chart 9.1), by addition of silver
trifluoroacetate, failed to give pure products.

Scheme 9.2. Synthesis of complexes 6 and 7.
The structure of complex 6 is shown in Figure 9.4. The coordination geometry is similar to
that in complex 5, but the supramolecular structure is different. There are complementary
hydrogen bonds between NH groups of the free carboxamides and carbonyl groups of
coordinated carboxamides to give dimers [N(4)...O(1A) 2.90 Å].
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Figure 9.4.

The structure of complex 6, showing a pair of hydrogen bonded molecules.

Selected bond parameters: Au(1)-N(1) 2.003(2), Au(1)-N(3) 2.036(2), Au(1)-Cl(1) 2.2714(7),
Au(1)-Cl(2) 2.2891(7), O(1)-C(1) 1.226(3), N(1)-C(1) 1.347(3), O(2)-C(10) 1.232(3), N(4)C(10) 1.334(3) Å. Symmetry equivalent: A, 1 – x, y, ½ - z.
Above and below the gold(III) centers, the shortest intermolecular contacts are
Au(1)...Cl(1A) 3.63 Å and Au(1)...Au(1B) 3.88 Å, as shown in Figure 9.5. In combination with
the hydrogen bonding (Figure 9.4), these secondary interactions give rise to a supramolecular
network structure.

Figure 9.5. Part of the network structure of complex 6, formed by a combination of NH...O=C,
Au...Cl and Au...Au secondary interactions. Distances: N(4)...O(1) 2.90, Au(1)...Cl(1A) 3.63,
Au(1)...Au(1B) 3.88 Å.
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The crystals obtained for complex 7 were always twinned in such a way that detwinning
was only partially successful. The structure shown in Figure 9.6 is therefore poorly defined.
The molecular structure is similar to that for complex 6 (Figure 9.4), but there is no
intermolecular hydrogen bonding in 7. As in complex 5 (Figure 9.2), the C6H4 group is twisted
out of the amide plane, by 78o in 7, to relieve steric hindrance.

Figure 9.6. The structure of complex 7. Selected bond parameters: Au(1)-N(1) 2.00(3), Au(1)N(2) 2.00(3), Au(1)-Cl(1) 2.292(8), Au(1)-Cl(2) 2.255(9) Å.
9.2.2. Catalysis
The oxidative α-cyanation of tertiary amines is a useful methodology for C-C coupling
steps in organic synthesis.27-36 A typical procedure is illustrated in equation (9.1),27 and gives a
98% yield of PhMeNCH2CN from PhNMe2 when catalyzed by the gold(III) complex
[AuCl2(bipy)]Cl in methanol solvent. With other catalytic systems, different sources of cyanide
and different oxidants have been used.28-36
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PhNMe2 + Me3 SiCN + t BuOOH

PhMeNCH 2CN + Me3 SiOH + tBuOH

(9.1)

The mechanism of the catalytic reaction using [AuCl2(bipy)]Cl was suggested to be as
shown in Scheme 9.3,27 and involves a gold(III)-gold(V) cycle. The gold cation E is oxidized by
t

BuOOH to give an oxogold(V) intermediate F. This oxidizes PhNMe2 to the cation radical

[PhNMe2].+, which isomerizes and forms the iminium complex G, which then reacts with
cyanide to give the product PhMeNCH2CN.

Scheme 9.3. Proposed mechanism of catalysis of α-cyanation of PhNMe2 from ref [27].
A previous claim of an oxogold complex was made, but was subsequently withdrawn,37
and theory suggests that M=O π-bonding is likely to be weak for late transition metals.38
Gold(III) tends to form Au2(µ-O)2 linkages rather than terminal Au=O groups,39 while gold(V)
oxides have not been characterized. In addition, gold(V) is a difficult oxidation state to access
under mild conditions, so this proposed mechanism of Scheme 9.3 should be reconsidered.
The cyanation catalysis was studied, using the conditions reported previously,27 using the
neutral complex 5 in place of the reported [AuCl2(bipy)]Cl catalyst in methanol solution.
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Similar reactivity was observed, giving PhMeNCH2CN in 98% yield, based on conversion of
PhNMe2, as analysed by GC-MS. The minor product was PhMeNCH2CH=O, formed in 2%
yield. Under these conditions, no free ligand 1 was detected, indicating that the unit Au(1-H)
stays intact during the catalysis.

The solution became violet-blue in color on addition of

PhNMe2 to complex 5, and the UV-visible spectrum contained a broad band centered at 590 nm.
Oxidation of PhNMe2 with copper(II) in acetonitrile is reported to give the cation radical
PhNMe2.+, which is characterized by an absorption band at 470 nm,40,41 while other researchers
have suggested that PhNMe2.+ is only formed as a transient intermediate.42 The species that gives
rise to the 590 nm band is probably a radical derived from the transient PhNMe2.+ but its identity
is not clear.
The catalysis is not efficient in chloroform solution,27 the maximum yield of
PhMeNCH2CN being 20%, but it was possible to obtain insight into the mechanism by
monitoring reactions in CDCl3 by 1H NMR spectrometry, UV-visible spectroscopy and by ESIMS. Scheme 9.4 shows a potential reaction mechanism. In individual reactions, complex 5 did
not react with the peroxide tBuOOH but it did react with Me3SiCN and with PhNMe2. Complex
5 reacted with Me3SiCN in CDCl3 solution by anion exchange to give Me3SiCl [identified by its
1

H NMR spectrum, with δ(MeSi) = 0.4 ppm] and the complexes [Au(1-H)Cl(CN)], H, and

[Au(1-H)(CN)2], identified by their ESI-MS with m/z = 455 and 446, respectively. Using excess
Me3SiCN, free ligand 1 was also formed, suggesting that cyanide is able to displace 1 from
gold(III) under these conditions. Addition of tBuOOH to this solution led to solvolysis of both
Me3SiCN and Me3SiCl, with complete displacement of the ligand 1 from gold(III), as monitored
by 1H NMR. Reaction of complex 5 in CDCl3 solution with excess PhNMe2 led immediately to
a violet-blue coloration, characterized in the UV-visible spectrum by a broad band centered at
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620 nm. This is tentatively attributed to the same cation radical as observed in methanol, with
λmax at 590 nm. The most obvious feature of the 1H NMR spectrum was that the phenyl
resonances of PhNMe2 were shifted and broadened, attributed to easy electron transfer between
the cation radical and free PhNMe2. When Me3SiCN was added to this solution, the blue color
was quenched and the phenyl resonances returned to their normal positions. The 1H NMR also
indicated the formation of Me3SiCl and (Me3Si)2O, its hydrolysis product.
Scheme 9.4 outlines a possible gold(III)-gold(I) catalytic cycle, which is consistent with
the experimental data.

The gold(III) complex 5 is shown to react with Me3SiCN to give

cyanogold(III) complexes, including complex H. It is also shown that complex 5 reacts with
PhNMe2, presumably by electron transfer to give the radical cation [PhNMe2].+ and a gold(II)
complex, and so it is reasonable to expect that H will react similarly to give a gold(II) complex
intermediate J. The radical cation/anion pair might then give the gold(III) complex K, with loss
of HCl. Iminium and imine complexes of gold are often invoked as shortlived intermediates in
catalysis, but their nature is not well established;27,43,44 the σ-bonded form depicted in K is
speculative since the complex was not directly detected in the reactions, but it is analogous to
well known ylide complexes.44-47 Reductive elimination by C-C bond coupling could give the
product and a gold(I) complex L,45,48,49 which is then oxidized by tBuOOH to regenerate 5. The
exact nature of the intermediates is speculative, but the evidence does not support a mechanism
involving gold(V).
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Scheme 9.4. A possible mechanism for oxidative cyanation.
9.3

Conclusions
The pyridine-carboxamide ligands, in deprotonated form, bind to gold(III) as bidentate

ligands, but the bis(pyridine-carboxamide) ligands do not easily act as tetradentate ligands. In
the typical complex [AuCl2(κ2-N,N’-PhNC(=O)-2-C5H4N)], 5, the gold(III) and the
amidopyridine groups are planar, but the phenyl substituent is twisted out of the plane. The
neutral complex 5 is an effective catalyst for oxidative cyanation of PhNMe2, with activity
comparable to the known cationic catalyst [AuCl2(bipy)]+.27 The detailed mechanism of catalysis
is not established, but a cycle involving gold(III), gold(II) and gold(I) complexes is tentatively
suggested.
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9.4

Experimental

All reactions were carried out using standard Schlenk techniques, unless otherwise specified. All
NMR spectra were recorded at ambient temperature, unless otherwise noted (ca. 25˚C), by using
Varian Mercury 400 or Varian Inova 400 or 600 spectrometers. 1H and
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P chemical shifts are

reported relative to TMS (1H) and 85% H3PO4 respectively. Mass spectrometric analysis was
carried out using an electrospray PE-Sciex Mass Spectrometer (ESI-MS) coupled with TOF
detector. Satisfactory elemental analyses were obtained by Guelph Chemical Laboratories,
Guelph, Ontario. Ligand 1 is a commercial sample and was purchased from Toronto research
chemicals Inc. The ligands 1,2-C6H4(NHCO-2-C5H4N)2 and CH2(CH2NHCO-2-C5H4N)2 were
prepared by the literature method.50,51
9.4.1

Synthesis of complexes

[AuCl2(2-C5H4N-C(=O)NPh], 5.
To a solution of PhNHC(=O)-2-C5H4N, 1, (0.05 g, 0.25 mmol) in THF (5 mL) was added
a solution of NaAuCl4.2H2O (0.10 g, 0.25 mmol) in THF (5 mL). Excess Na2CO3 (0.3 g) was
added to the reaction mixture, which was allowed to stir for 12 h., then filtered to remove
insoluble material. The solvent was evaporated under vacuum, and the red solid product was
washed with n-pentane and diethyl ether and dried under vacuum. Yield: 0.09 g (78%). NMR in
DMSO-d6 at 400 MHz: δ(1H) = 9.37 [d, 1H, 3JHH = 7 Hz, H6], 8.56 [t,1H, 3JHH = 7 Hz, H5], 8.058.13 [m, 2H, H3, H4], 7.29-7.39 [m, 5H, Ph]. Anal. Calcd. for C12H9AuCl2N2O: C, 30.99; H,
1.95; N, 6.02 %. Found: C, 30.54; H, 1.73; N, 5.68 %. Single crystals were grown by the slow
diffusion of pentane into a solution of the sample dissolved in a mixture of methanol,
dichloromethane, chloroform and acetone.
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In a similar synthesis but with stoichiometric amount of Na2CO3, recrystallization gave a
mixture of red crystals of the above complex with pale yellow crystals, identified as
[PhNHC(=O)-2-C5H4NH]+[AuCl4]- , 4, by X-ray structure determination.
[AuCl2{1,2-C6H4(NCO-2-C5H4N)(NHCO-2-C5H4N)}], 7.
This was prepared in a similar way from 1,2-C6H4(NHCO-2-C5H4N)2 , 3, (0.050 g, 0.16
mmol) and NaAuCl4.2H2O (0.063 g, 0.16 mmol) and isolated as a red solid. Yield: 0.082 g
(89%). NMR in DMSO-d6 at 400 MHz: δ(1H) = 10.48 [s, 1H, NH], 9.46 [d, 1H, 3JHH = 7 Hz,
H6], 8.62 [d, 1H, 3JHH = 7 Hz, H3], 8.41 [d, 1H, 3JHH = 7 Hz, H6’], 8.31 [d, 1H, 3JHH = 7 Hz, H3’],
8.1 – 8.2 [m, 4H, H4,H4’,H5,H5’], 7.1 – 7.6 [m, 4H, C6H4]. Anal. Calcd. for C18H13AuCl2N4O2:
C, 36.94; H, 2.24; N, 9.57 %. Found : C, 36.46; H, 1.80; N, 9.23 %. Single crystals were grown
by slow diffusion of n-pentane into a methanol solution of the compound.
[AuCl2{CH2(CH2NCO-2-C5H4N)(CH2NHCO-2-C5H4N)], 6.
This was prepared in a similar way from CH2(CH2NHCO-2-C5H4N)2 , 2, (0.050 g, 0.18
mmol) and NaAuCl4.2H2O (0.070 g, 0.18 mmol) and isolated as a yellow solid. Yield: 0.090 g
(93%). NMR in DMSO-d6 at 400 MHz: δ(1H) = 9.28 [d, 1H, H6], 8.82 [t, 1H, NH], 8.62 [d, 1H,
H6’], 8.50 [t, 1H, H5], 7.95-8.04 [m, 3H, H3, H4, H3’], 7.56-7.60 [m, 2H, H4’, H5’], 3.55 [m, 2H,
CH2N], 3.36 [m, 2H, CH2N], 1.84 [quin, 2H, CH2]. Anal. Calcd. for C15H15AuCl2N4O2: C,
32.69; H, 2.74; N, 10.16 %. Found: C, 32.27; H, 2.71; N, 9.75 %. Single crystals were grown by
slow diffusion of n-pentane into a dichloromethane solution of the compound.
9.4.2

Catalysis
To a stirred solution of N,N-dimethylaniline (0.96 g, 7.9 mmol) in methanol (15 mL) was

added [AuCl2(2-C5H4N-C(=O)NPh], 5, (0.18 g, 0.39 mmol), followed by tBuOOH (9.5 mmol, as
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a 5 M solution in decane) and Me3SiCN (1.97 mL, 15.8 mmol). The reaction was allowed to stir
until all N,N-dimethylaniline was consumed (5 h., monitored by TLC), then quenched by
addition of excess aqueous NaHCO3.

The mixture was extracted with ethyl acetate, the

combined organic layer was washed with brine, dried over anhydrous MgSO4, and the solvent
was removed under reduced pressure to give the product PhMeNCH2CN (1.1 g, 95%). NMR in
CDCl3: δ(1H) = 7.35 [m, 2H, Ph-o]; 6.98 [t, 1H, Ph-p]; 6.91 [m, 2H, Ph-m]; 4.14 [s, 2H,
CH2CN]; 2.99 [s, 3H, CH3]. ESI-MS: m/z = 146.
In attempts to identify intermediates, the reactions in CDCl3 were monitored by 1H NMR
spectroscopy. Reagents were added in different sequences and NMR spectra were recorded at
each stage. Yields of volatile products in the final solutions were determined by GC-MS and
less volatile products were identified by ESI-MS. In a typical experiment, to a solution of
PhNMe2 (24 mg, 0.2 mmol) in CDCl3 (0.2 mL) was added a solution of [AuCl2(2-C5H4NC(=O)NPh], 5, (4.5 mg, 9.7 µmol) in CDCl3 (0.1 mL). The solution immediately became violetblue in color. In the 1H NMR, the m and p-phenyl resonances which overlap at δ 6.77-6.81 in
free PhNMe2 gave broad resonances shifted to 6.85 [1H, m] and 6.94 [2H, p]. Some free ligand
PhNHC(=O)-2-C5H4N, 1, was also detected. After 1h., a solution of Me3SiCN (50 µL, 0.4
mmol) in CDCl3 (0.1 mL) was added. Reaction occurred to give Me3SiCl [δ(1H) = 0.4 ppm] and
(Me3Si)2O [δ(1H) = 0.023] and more free ligand was formed. The PhNMe2 resonances returned
to their normal positions. After 1h., tBuOOH (0.24 mmol) in CDCl3 (0.1 mL) was added. The
chief changes were decay of resonances for Me3SiCN and Me3SiCl, along with an increase in
resonances for Me3SiOH [δ(1H) = 0.14] and (Me3Si)2O.
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X-ray Structure Determination: X-ray data were obtained and solutions were determined by
both Ms. A. Borecki and Dr. G. Popov in this chapter. Suitable crystals were mounted on a glass
fibre and data was collected at low temperature (- 123 ˚C) on a Bruker Apex II CCD
diffractometer. The unit cell parameters were calculated and refined from the full data set. The
crystal data and refinement parameters for all complexes are listed in the following tables.
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Table 9.1: Crystallographic data for complex 4
Empirical Formula

C12 H11 Au Cl4 N2 O

Formula Weight

537.99

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/n

Unit Cell Dimensions

a = 8.8311(3) Å

α = 90°

b = 7.5187(3) Å

β = 100.880(2)°

c = 23.3384(8) Å

γ = 90°

Volume

1521.78(10) Å3

Z

4

Density (calculated)

2.348 mg/m3

Absorption Coefficient (µ)

10.364 mm-1

Crystal Size

0.02 x 0.04 x 0.05 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.006

Final R indicies [I>2σ(I)]

R1= 0.0186, wR2 = 0.0382

R indicies (all data)

R1 = 0.0238, wR2 = 0.0470
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Table 9.2: Crystallographic data for complex 5
Empirical Formula

C12 H9 Au Cl2 N2 O

Formula Weight

465.09

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

P 21/c

Unit Cell Dimensions

a = 16.1441(17) Å

α = 90°

b = 16.8323(17) Å

β = 92.914(3)°

c = 9.6879(9) Å

γ = 90°

Volume

2629.2(5) Å3

Z

8

Density (calculated)

2.350 mg/m3

Absorption Coefficient (µ)

11.584 mm-1

Crystal Size

0.01 x 0.03 x 0.04 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

0.987

Final R indicies [I>2σ(I)]

R1= 0.0423, wR2 = 0.0859

R indicies (all data)

R1 = 0.0541, wR2 = 0.1016
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Table 9.3: Crystallographic data for complex 6
Empirical Formula

C15 H15 Au Cl2 N4 O2

Formula Weight

551.18

Wavelength

0.71073 Å

Crystal System

Monoclinic

Space Group

C 2/c

Unit Cell Dimensions

a = 29.0237( 13)Å

α = 90°

b = 7.9773(4) Å

β = 126.3750(10)°

c = 18.0225(9) Å

γ = 90°

Volume

3359.7(3) Å3

Z

8

Density (calculated)

2.179 mg/m3

Absorption Coefficient (µ)

9.092 mm-1

Crystal Size

0.05 x 0.05 x 0.06 mm3

Refinement Method

Full-matrix least-squares on F2

Goodness of fit on F2

1.019

Final R indicies [I>2σ(I)]

R1= 0.0165, wR2 = 0.0397

R indicies (all data)

R1 = 0.0217, wR2 = 0.0491
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Chapter 10

General discussion and conclusions
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In this work, new monomeric and polymeric gold(I), silver(I) and platinum(II) complexes
containing diphosphine and pyridine dicarboxamide donor ligands have been synthesized. The
new complexes were characterized by 1H NMR, 31P NMR, mass spectrometry and by elemental
analysis. Molecular structures were determined by X-ray crystallography.
We have described the reaction of the chiral diphosphine dicarboxamide Trost ligand;
R,R-1, with gold(I) and silver(I). In general, 1:1 (R,R-1:MX ) [(M = Ag or Au, X = Cl, BF4,
CFCO2)] reactions resulted in the formation of trans-chelate complexes; complexes 2a-2c (Chart
2.1). These complexes have the general formula [M(R,R-1)]X. Although these trans-chelate
complexes show no reactivity towards hydrogen peroxide, pyridine, 1,5-cyclooctadiene or
phenyl acetylene, it is believed that they may act as structural models for the corresponding
[Pd(R,R-1)] complex (complex A in Scheme 2.1) and expected to play a role as models in
understanding the mechanisms of enantioselective catalysis. On the other hand, 1:2 (R,R-1:AgX )
[X = Cl, NO3, BF4 and CFCO2)] (Scheme 3.1) reactions resulted in the formation of polymeric
complexes. As indicated in chapter 3, these complexes can be considered as [{Ag2(µ-1)}n]X2n,
3a, X = BF4 (Figures 3.5); 3b, X = NO3 (Figures 3.5); 3c, X = CF3CO2 (Figures 3.6) or as
[{Ag2X2(µ-1)}n], 3d, X = Cl (Figures 3.7). These complexes are considered as the first chiral
polymeric complexes of the ligand R,R-1 and the structure of the complex may be controlled by
the binding ability of the anion X-. When the sequence of donor abilities is P > C=O > anion (X), solvent, as in complexes 3a and 3b (Figures 3.5), the ligand R,R-1 can be considered as a
tetradentate P,P`,O,O` bridging ligand. In 3a and 3b, Ag...Ag interactions are observed and the
stereochemistry of the silver centers is a distorted linear geometry. When the sequence of donor
abilities is P > anion (X-) > C=O > solvent as in 3c (Figures 3.6), the ligand R,R-1 is a
tetradentate P,P`,O,O` bridging ligand but no Ag...Ag interactions are observed and the silver
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centers have distorted T-shaped stereochemistry. However, When the sequence of donor abilities
is P > anion (X-) >> C=O > solvent as in 3d (Figures 3.7), the carbonyl groups of R,R-1 are not
bonded to silver at all and the ligand is considered as a bidentate P,P` bridging ligand. No
Ag...Ag interactions were observed and the stereochemistry at silver(I) is distorted between
trigonal and T shaped.
In chapter 4 a new diphosphine dicarboxamide ligand dppeta was prepared by reacting 2diphenylphosphinoethylamine, Ph2PCH2CH2NH2, with terephthaloyl chloride. This ligand has its
coordinating sites in a para position to the central aryl group and the ligand and its gold(I) and
silver(I) complexes take part in supramolecular self-association. The ligand dppeta tends to act as
a bridging ligand in its complexes. A common feature in the resulting structures is that the selfassociation leads to the formation of sheet structures. This strong self-association resulted in a
very low solubility of the ligand and its complexes. The ligand itself underwent self assembly
through typical C=O...HN hydrogen bonds (Figure 4.4). Each molecule is hydrogen bonded to
four equivalent molecules. There are four intermolecular hydrogen-bonding for each molecule
(Figure 4.4). In the gold complex; [Au2Cl2(µ-dppeta)].Me2SO (Figure 4.5), the structure seems to
be determined by Au...Au interactions and the hydrogen bonding may then play a secondary role.
In the silver complexes; [Ag2(O2CCF3)2(µ-dppeta)] and [Ag2(OTf)2(OH2)2(µ-dppeta)] (Figures
4.7 and 4.9 respectively), the structures are partly determined by the tendency of silver(I) to have
a coordination number of three or four, which is accommodated by coordination of the carbonyl
groups of dppeta to silver. This disrupts the natural hydrogen bonding motif of the amide
groups, and so the NH groups form hydrogen bonds to the trifluoroacetate or triflate anions
instead (Figures 4.8 and 4.10 respectively).
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In chapter 5 a new diphosphine dicarboxamide ligand (dpipa) analogous to the previously
studied dppeta ligand was synthesised. dpipa has its coordinating sites in a meta position to the
central aryl group. The ligand dpipa was prepared by reaction of isophthaloyl dichloride with 2(diphenylphosphino)ethylamine. This ligand is shown to be remarkably versatile in its
coordination chemistry, with the carboxamide groups playing an important role in several cases.
It can form cis chelate complexes (as in cis-[PtCl2(dpipa)], 2a, and cis-[PtMe2(dpipa)], 3a,
Figure 5.6) or trans chelate complexes ( as in trans-[PtIMe(dpipa)], 4, Figure 5.10) or cis,cis
bridged complexes (as in [Pt2Cl4(µ-dpipa)2], 2b, Figure 5.3, and [Pt2Me4(µ-dpipa)2], 3b, Figure
5.7) or trans,trans bridged complexes (as in the gold(I) complex [Au2(µ-dpipa)2]Cl2, 1b, and the
platinum(IV) complexes [Pt2Br4Me4(µ-dpipa)2], 6, and [Pt2Br5Me3(µ-dpipa)2], 7, Figure 5.12).
In complex 3a the carboxamide groups are bifunctional, forming an intramolecular NH...Pt
hydrogen bond and taking part in intermolecular NH...O=C hydrogen bonding to form
supramolecular dimmers (Figure 5.6). Figures 5.2 and 5.12 illustrate how the flexible dpipa
ligand adapts to accommodate the 2-coordinate gold(I) center or the more sterically demanding
octahedral platinum(IV) center, respectively. Complex 3b` (Figure 5.8) adopts a more twisted
conformation than 2b, apparently in order to allow formation of intramolecular NH...Pt hydrogen
bonds, and the carboxamide groups in both complexes also take part in intermolecular NH...O=C
hydrogen bonding. Several of the complexes exhibit facile monomer-dimer isomerisation. In
one case, it was possible to determine the structures of both of the isomers, monomer 3a (Figure
5.6) and dimer 3b (Figure 5.7). In other cases, the equilibria between 1a, 1b or 2a, 2b could be
studied by NMR spectroscopy and so clearly established (Figure 5.1 for 1a, 1b equilibrium).
In chapter 6, complexes 5a [Pt2(dmso)2(µ-κ6-C,C’,N,N’,P,P’-C6H2{C(=O)N(CH2)2PPh2}2)],
and 6; [Pt2{µ-κ4-C,N,P,P’-C6H3(CONH(CH2)2PPh2)(CON(CH2)2PPh2)}2] which formed by
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cyclometalation of the ligands dppeta and dpipa, respectively, were successfully crystallized and
acted as the benchmark for further study. The major product formed depends primarily on the
stoichiometry of the reaction, but also on the reaction conditions. Reaction of a 1:1 mixture of
dppeta and [Pt2Me4(µ-SMe2)2], which contains two platinum atoms, followed by crystallization
from a solvent mixture containing DMSO, gave quadruple metalation of dppeta in the product
5a, which contains two PNC-pincer groups (Figure 6.1). Reaction of a 1:1 mixture of dpipa and
[Pt(O2CCF3)2(SMe2)2], which contains only one platinum atom, gave double metalation of dpipa
in the dimeric product 6, which contains one PNC-pincer group for each dpipa ligand used
(Figure 6.2). Related reactions were monitored by NMR spectroscopy and gave insight into the
reaction sequences involved in the cyclometalation steps.

It is argued that phosphine

coordination directs a first N-H bond activation and then, in a faster step, that the amido group
formed in this step directs an aryl C-H bond activation step, to give double cyclometalation of
one arm of the dicarboxamide-diphosphine ligand and that, if stoichiometry allows, this can be
followed by similar double cyclometalation of the second arm to give the quadruply
cyclometalated ligand. Two proposed mechanisms for cyclometalation using electron-rich
dimethylplatinum(II) complexes and more electrophilic platinum(II) chloride or triflate
complexes are shown in Scheme 6.3.
Analogous to the previously prepared ligands; dppeat and dpipa, a new diphosphine
dicarboxamide ligand (dpppa) was prepared (Chapter 7). The ligand dpppa has its coordinating
sites in an ortho position to the central aryl group. This ligand has interesting chemistry with
gold(I) and silver(I) (Chapter 7) and with platinum(II) (Chapter8). The ligand dpppa and its
gold(I) complex; [Au2Cl2(µ-dpppa)], form supramolecular ribbon polymers by the classic
NH…O=C hydrogen bonding between amide groups (Figures 7.2b and 7.4 respectively).
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However, in its silver(I) complex; [{Ag2(O2CCF3)2(µ-dpppa)}n], (Figure 7.7), instead of the
classic intermolecular NH…O=C hydrogen bonds between amide groups, the NH…O=C
hydrogen bonds are formed to a carbonyl group of trifluoroacetate, while the carbonyl groups of
the dpppa ligand are coordinated to silver(I). The complication arises as a result of the tendency
of silver(I) to adopt a higher coordination number compared to gold(I), and also from the higher
affinity of silver(I) for oxygen donor ligands. With platinum(II) (Chapter 8), its dimethyl
platinum(II) complexes feature similar NH...Pt hydrogen bonding; [PtMe2(dpppa)], 4a (Figure
8.2) and [Pt2Me4(µ-dpppa)2], 4b ( Figure 8.3), as to the dpipa complexes cis-[PtMe2(dpipa)], 3a
(Figure 5.6) and cis,cis -[Pt2Me4(µ-dpipa)2], 3b (Figure 5.8), but the cyclometalation chemistry of
dpppa involves only the N-H bonds and an unexpected complex containing two platinumplatinum donor acceptor bonds was formed; [Pt4Me6(dpppa-H)2], Figure 8.5.
Finally, in chapter 9, the chemistry of gold(III) with the pyridine-carboxamide ligands
shown in Chart 9.2 was studied. These ligands, in the deprotonated form, bind to gold(III) as
bidentate ligands. In complex 4; [PhNHC(=O)-2-C5H4NH][AuCl4] (Figure 9.1), the amide
group, the pyridyl and phenyl groups are almost coplanar, allowing good π-conjugation.
However, in 5; [AuCl2(κ2-N,N’-PhNC(=O)-2-C5H4N)] (Figure 9.2), the gold(III) and the
amidopyridine groups are planar, but the phenyl substituent is twisted out of the plane. This
phenyl twist is necessary to avoid steric interactions with the neighboring chloride ligand, but
will reduce π-conjugation with the amide group. The neutral complex 5 is an effective catalyst
for oxidative cyanation of PhNMe2, with activity comparable to the known cationic catalyst
[AuCl2(bipy)]+ (Reference 27 in chapter 9). The detailed mechanism of catalysis is not
established, but a cycle involving gold(III), gold(II) and gold(I) complexes is tentatively
suggested (Scheme 9.4).
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